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Summary (English)

The folding of the cortex results in a characteristic pattern of folds called sulci
and ridges called gyri. The cortical folding varies greatly both within and
between individuals. Despite a century of sustained research, the mechanisms
underlying the observed variation in folding is still largely unknown. The shape
of cortical sulci and gyri are determined in part by forces exerted by white mat-
ter fiber connections between various cortical regions. Studying the shape of
the cortical sulci hence contributes to the understanding of the variation in the
folding.
This thesis concerns sulcal morphometry using Magnetic Resonance Imaging
(MRI) and spatial statistical methods. The sulcal morphology has been
studied with respect to: the normal development of a central sulcus; in relation
to functional lateralization of the motor hand area in central sulcus and, finally,
in relation to a pathological condition, anosmia, in the olfactory sulcus. This
thesis describes and uses methods for sulci segmentation, sulci registration, sulci
representation, and statistics for modeling sulci shape and testing sulcal mor-
phology.
This thesis describes methods to analyze sulcal morphology and show how sulci
variability are influenced under normal development, by a functional ability, and
by pathological conditions.
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Summary (Danish)

Hjernen er det mest komplekse organ i menneskekroppen. Den modtager kon-
stant information, bearbejder den og reagerer i henhold til den. Hjernens over-
flade, cortex, består hovedsageligt af neuroner. Disse neuroner er forbundet ved
underliggende myoliniserede axoner, der er med til at forme hjernen. Cortex er
karakteristisk ved et foldningsmønster, der består af udposninger gyri, og fold-
ninger, sulci. Disse er karakteriseret ved en meget stor variabilitet, der på trods
af en enorm interesse og forskningsaktivitet, til stadighed er delvis ukendt. For
at forstå, hvad denne variation skyldes, kan formen af sulci undersøges. Dette
gøres oftest ved hjælp af magnetisk resonans (MR) skanninger af hjernen, hvilket
giver mulighed for at studere hjernens bløddele. I denne afhandling undersøges,
hvorledes formen af den centrale sulcus udvikles normalt. Dernæst undersøges,
hvordan den asymmetri, der er findes i brugen af højre og venstre hånd, på-
virker den asymmetri, der ses i det funktionelle motorområde i central sulcus.
Endeligt undersøges, hvordan den olfaktoriske sulcus påvirkes ved personer, der
har mistet lugtesansen.
Ovenstående undersøges med baggrund i metoder inden for billedanalyse, hvil-
ket har inkluderet segmenteringer, registreringer, reprœsentationer af sulcus og
endeligt statistiske metoder til at modellere en sulcus og sammenholde dens
form med demografiske variable.
Denne afhandling beskriver og anvender metoder indenfor sulcal morfologi, og
bidrager med ny viden inden for den normale udvikling, i forbindelse med en
egenskab og i forbindelse med patologiske lidelser.
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Chapter 1

Introduction

The brain is the most complex organ in the body. Together with the spinal
cord it controls the body by constantly receiving information, interpreting it
and executing a response [191]. Language, memory, perception, behavioral,
and social activities are processed in the cerebral cortex -a thin layer consisting
mainly of dense neuron cell bodies, referred to as the gray matter (Figure 1.1).
These neurons are connected by axons wrapped in a fatty white layer, that
conduct quick electrical signals transition between neurons. These axons are
the main part of white matter. [191]

1.1 Gyrification

Evolution has adjusted the brain according to the demand of higher cognitive
abilities to react and adjust to the environment [208, 116, 8]. A dramatic
expansion of the area of the cerebral cortex has accommodated a larger num-
ber of neurons and cortico-cortical connections [279, 276, 112, 113]. The large
cerebral cortex is folded to fit in the limited cranial volume. The folding of the
cortex, also called gyrification, results in a characteristic pattern of folds called
sulci and ridges called gyri (Figure 1.1).
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Figure 1.1: The Cerebral cortex, the outer layer of brain, consists mainly of
dense neuron cell bodies. The folding of the cortex results in sulci
and gyri.

The cortical folding and, consequently, the sulcal patterns varies greatly
between human individuals [199]. All sulci are characterized by large variations
both between individuals and hemispheres [199, 269, 280, 217, 178, 277, 212].
A sulcus corresponding to one long fissure in one subject may be made up of
several small fissures in a second subject [178]. In regions with the most varia-
tion, only experts can reliably recognize sulci [212].
Despite a century of sustained research, the mechanisms underlying gyrification
is still largely unknown [10, 9, 293, 174, 169, 149, 106, 234, 292, 117, 228, 90].
Gyrification has been explained by the restricted space in the skull during corti-
cal folding [279]. However, another commonly accepted theory is that the neu-
ronal connections that develop during the second trimester in gestation produce
local fiber tension that pulls regions with greater connectivity closer together
[276]. This produces outward bulging gyri as regions of greater interconnectivity
move closer together in the enclosed brain. In addition, more sparsely connected
regions are separated and form sulci. Based on this theory, the shape of cor-
tical sulci and gyri are determined in part by forces exerted by white matter
fiber connections between various cortical regions. Studying the shape, termed
morphology, of the cortical sulci hence contributes to the understanding of the
variation in gyrification [6, 281, 166, 5, 63, 76, 60, 186, 290].
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1.2 Development of gyrification

There is evidence that the cortical folding pattern is subject to developmental
change in both childhood and adolescence [91, 89, 23].
The outer cortex begins to fold from midgestation with the formation of neuronal
connectivity inducing an expansion of the outer cortex [220]. After the first year
of life, the gyrification decreases throughout life [174, 237, 10, 211, 193, 117, 33]
and is characterized by synaptic pruning. Synaptic pruning eliminates extra
neurons and synaptic connections to increase the efficiency of neuronal trans-
missions. [56, 283].
Synaptic pruning is influenced by environmental factors and is thought to
represent learning [125, 126]. Studies have suggested that environmental in-
fluences and hence pruning is one of the basic foundation for the variation in
gyrification [250, 248, 127, 239, 92].
The environmentally induced variation also affects the maturation, as early as
the 6th week of the fetal life, when new neurons are formed and migrate from
the ventricles toward the outer surface of the brain [26]. This neuronal division
and migration are associated with a cortical growth both in thickness and sur-
face area [254, 257]. Both thickness and surface area can be affected by even
small interferences. Studies on embryos of monkeys show that irradiation
during the symmetric phase of cell division in week 6 to 12 results in a decrease
in the total surface area of the brain. When the radiation is applied after six
weeks, during the phase of asymmetric cell division, a decrease is observed in
the cortical thickness [18].
Apoptosis or programmed cell death contribution to the variation in gyrifica-
tion. In fetal life, apoptosis eliminates up to 50 % of the neurons generated.
This naturally influences the total brain volume [55] and shape the brain [141].
Apoptosis continues into both childhood and adultness, where around ten bil-
lion cells are made each day just to balance those dying by apoptosis [214].
It is clear that the gyrification decreases in childhood and adolescence [145];
however, relatively little is still known about the developmental changes in the
folding of the cortical surface. [145]

1.3 Influence of trained abilities on gyrification

The variability in the brain morphology can be correlated with cognitive, sen-
sory, and motor abilities. One of the best known examples is the case of London
taxi drivers. These taxi drivers had an increased volume in the part of the brain
involved with spatial navigation, the hippocampus, with more years working as
drivers [175].
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The variability in gyrification has been correlated with motor abilities. Musi-
cians show a significantly greater local variability in the functional motor area
in Central Sulcus (CS) than non-musicians. [160] Earlier music training even
showed a bigger variability.
The huge variation in the brain morphology is not just present between subjects,
but also within individuals [285, 284, 250]. This asymmetry or lateralization has
been shown to map the hand motor area to the left CS in right handers and vice
versa in left handers [6, 289, 60]. A lateralization is also seen in the language
area, which is mapped to the peri-Sylvian [250] in the left hemisphere in 70 %
to 95 % of all humans. Lateralization manifests as deeper and larger surface
area in the dominant hemisphere [147, 159].
Several studies have correlated white matter and gray matter to specific func-
tional abilities [163, 239, 127, 99, 66, 146]; however, the relation between func-
tional abilities and gyrification is very limited [6, 5, 60].

1.4 Influence of pathology on gyrification

As well as a functional ability affects the cortical folding, the lack of an ability
can also alternate the gyrification. A pathological condition is often related to a
significant increase in apoptosis [73]. Patients suffering from schizophrenia show
a decrease in the whole brain and hippocampal volume [251], and the bilateral
average sulcal depth [58, 87]. A significantly greater sulcal width and shallower
depth is also seen in patients suffering from Alzheimer’s disease compared to
controls [129]. The lack of motor functions in patients suffering from primary
lateral sclerosis is seen as a decrease in cortical thickness of the motor hand area
in CS [38]. On the other hand, patients with autism show an increase in the
gyrification and sulci depths [278, 13, 161].
The loss of the ability to smell, also called anosmia, is related to loss of volume
in the olfactory bulb and a less deep Olfactory sulcus [1, 123].
A number of studies have shown how sulcal morphology changes in the case of
pathological conditions. Understanding the mechanisms underlying these disor-
ders may contribute to distinguishing changes in maturation from neurological
diseases from healthy aging processes.

1.5 Studying sulcal shape

The cerebral anatomy and functionality were traditionally studied using post-
mortem samples [30, 41, 280, 281]. The first comprehensive descriptions of
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sulci shape were based on pictures and metrics of the sulci from 25 postmortem
brain specimens (Figure 1.2) [199]. Other specimen dissection studies have fol-
lowed by further describing the location and shape of the sulcal morphology
[6, 289, 232, 93].

Figure 1.2: An example from the first comprehensive description of sulci shape
made only 25 years ago [199]. These descriptions were based on
pictures and metrics on 25 postmortem brain specimens.

Today, the study of gyrification is often performed with neuroimaging methods.
Neuroimaging falls into two categories: functional neuroimaging and structural
neuroimaging. Functional neuroimaging is typically used to map activities in
the brain using, for example, functional Magnetic Resonance Imaging (fMRI)
[209, 168, 97, 290], Transcranial Magnetic Stimulation (TMS) [99, 2], and Elec-
troencephalography (EEG). Structural neuroimaging is used to describe shape,
size, and integrity of the structures in the brain using Computed Tomography
(CT) [174], Diffusion Tensor Imaging (DTI) [207, 151, 164, 57], and Magnetic
Resonance Imaging (MRI) [136, 262]. Structural MRI is the typically used
modality since it produces high quality 3D images of the soft tissue in the
body. This technique uses magnetic fields and radio waves to form images of
the body [105]. Within structural neuroimaging, spatial statistical models have
shown powerful to describe patterns, spatial correlation, and shape based on,
for example, probability theory, stochastic modeling, and mathematical statis-
tics. Spatial statistics have proven powerful in studying the biological growth
in numerous studies [153, 140, 252, 255, 51]. Spatial statistical models typically
involve image acquisition, segmentation of the object of interest, an alignment
to compare objects across subjects, and, finally, statistics to model or test hy-
potheses.
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1.6 Objectives

The cerebral cortex is highly folded and variable in its shape across indivi-
duals and hemispheres. Based on the theory that the shape of cortical sulci and
gyri are determined in part by forces exerted by white matter fiber connections,
studying the shape, termed morphology, contribute to the understanding of the
variation in gyrification. Despite a century of sustained research, the mecha-
nisms underlying the observed variation in these sulci are still largely unknown.
Studying the sulcal shape in relation to normal development, functionality, and
pathological conditions contribute to the understanding of gyrification.
Spatial statistical methods have been shown to be powerful in studying
biological growth and shape.

The objective of this thesis is to study sulcal morphology using MR
images and techniques within spatial statistics to investigate:

1) The normal development of central sulcus

2) The influence of functional lateralization on the motor hand area
of central sulcus

3) The influence of a pathological condition, anosmia, on the mor-
phology of olfactory sulcus

Scientific contributions

The above objectives have been addressed in the following three contributions
(part II, Chapter 8, 9 and 10):

A B.V. Jensen, W.F.C. Baaré, K.S. Madsen, S. Angstmann, R. Larsen, H.R.
Siebner. Right-left depth asymmetry of central sulcus predicts right-left
asymmetry in manual dexterity: a structural MRI study in right-handed
children and adolescents, 2015. Manuscript.

B M. Vestergaard, B.V. Jensen, H.G Karstensen, B. Djurhuus, D. Herz, B.
Numelin, C. Klausen, A. Leffers, N. Tommerup, H.R. Siebner. Congenital
Atrophy of the Olfactory Bulb is coupled to changes in the Depth of the
posterior Olfactory Sulci revealed by Factor Analysis, 2015. Manuscript.
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C B.V. Jensen. Mapping longitudinal maturational changes in CS morphol-
ogy during adolescence, 2015. Technical report.

Paper A: The influence of functional lateralization on the motor hand
area of central sulcus
Handedness is one of the most obvious asymmetries in the human body. The
right-left asymmetry is seen as an increased surface area and depth of the central
sulcus (CS) in the dominant hemisphere. Handedness is often classified into
either left or right handers. To relate functional lateralization of the motor hand
area to CS, we map the ability to draw superimposed circles in a regular fashion
to the depth of the CS in right-handed individuals. We applied factor analysis
to model causal observer-independent depths of the central sulcus. The novelty
in this study is the mapping of the degree of handedness to the asymmetry of
CS.

Paper B: The influence of a pathological condition, anosmia, on the
morphology of olfactory sulcus
Olfactory deficits may be second to infections, Parkinson’s disease, or dementia,
which makes the olfactory systems important to understand. In individuals with
anosmia, the bulb and sulci demonstrate respectively atrophy. In this study, we
investigate whether specific subareas along the Olfactory Sulci (OS) are affected
by the atrophy in the olfactory bulb. The novelty in this study is the modeling
of the subareas to locate anosmia within the OS.

Paper C: The normal development of central sulcus
The overall gyrification decreases after the first year in life. However, relatively
little is still known about the local development of CS, a major fold on the
lateral surface of the brain. In this longitudinal study, we characterize the
developmental changes in the surface area, depth profile, and positional variation
of CS. The novelty in this study is the longitudinal analysis of the structural
shape of CS. Furthermore, we address the positional movement of CS in time,
to understand the local development.

1.7 Thesis overview

This thesis includes a background part (Chapter 1 to 7) and a scientific contri-
bution part (Chapter 8 to 10). The background part describes the steps taken
to study sulcal morphology (Figure 1.3). The first chapter gives an introduc-
tion to the data used to answer the objectives. The next chapters describes
how a sulcus can be segmented from the brain. This is followed by a chapter



10 Introduction

that describes how to align sulci both within and between subjects. The next
chapter describes how to represent a sulcal shape. Finally, a chapter describing
statistical methods, is followed by a discussion.

Figure 1.3: A pipeline to study sulci morphology typically include the follow-
ing disciplines. Firstly, an MR image acquisition of the head, to
produce high quality 3D images of the soft tissue in the brain
(A). Based on the image of the entire brain the sulci of interest
is segmented (B). This is typically followed by a one-to-one map-
ping between sulci (C) and a representation of the sulcal shape
(D), also called sulcal morphology. Finally, to relate sulci shape
to demographic variables statistical tests are applied (E).

The contribution part holds three papers. The papers in Chapter 8 and 9 are
ready for submission. Paper 10 is a technical report, and is work in progress per-
formed in collaboration with Kathrine Skak Madsen (DRCMR), Rasmus Larsen
(DTU), Hartwig Roman Siebner (DRCMR) and William F.C. Baaré (DRCMR).
This report will ultimately be published as an article in an international Journal.
Appendix A, describes step-by-step extraction of CS.



Chapter 2

Sulci

The central sulcus (CS) and the olfactory sulcus (OS) are used to study the
variability in sulcal morphology throughout this thesis. The CS (paper 8 and
10) is a large sulcus that is well studied because of its stability in both location
and shape. The OS (paper 9) is small and very little is actually known about it.
This chapter introduces CS and OS with respect to the anatomy, functionality,
and acquisition of MR images to study their shape.

2.1 Central sulcus

The CS, also known as the fissure of Rolando [30], is made up of two merged folds
[240]. It is characterized by a double S-shape that extends obliquely upward and
backward on the lateral surface of each cerebral hemisphere [199] (Figure 5.1).
CS is developed from the 18th week of fetal life [10, 3] and therefore has several
stable structures [199, 280]. CS is often used as a gross landmark in planning
of brain surgery [32]. However, the superficial appearance of CS has shown to
vary greatly both between and within subjects [199].
CS separates the frontal and parietal lobes [280, 293]. The banks of the parietal
lobes hold the primary somatosensory areas, Brodmann’s area 3. The other
banks, on the frontal lobes, hold the primary motor areas, Brodmann’s area 4
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Figure 2.1: CS shown in red in axial view (left) and sagittal view (right).

[30]. Prior gross anatomical studies have demonstrated that the motor cortex
is approximately twice as thick as the sensory cortex [187]. A ’homunculus’ can
be mapped onto the anatomy of each of the two banks along the CS. This map
holds sensory input on the caudal banks and motor output on the rostral banks
[79, 203, 204]. Each area along this ’homunculus’ has been studied in detail,
e.g. the functional movement of the tongue [235, 76, 182], jaw [98], fingers and
toes [72], hands [63, 5, 27, 178, 111], and neural organization of speech [31, 34].

Motor hand area
The cortical representation of the motor hand function was first shown to be
mapped on to the superior part of the precentral gyrus [79, 203] in the 1930s.
Sixty years later, functional Magnetic Resonance Imaging (fMRI) techniques
were used to explore the mapping of the motor hand area in greater detail. Sim-
ple paradigms, like contraction and extension of the index finger [101], repetitive
opening and closing the hand [289], thumb to index finger [132], and finger tap-
ping of all fingers except for the thumb [209] showed contralateral activation
in the primary motor cortex. Increasing the complexity of the paradigms, for
example, to successive finger-thumb opposition from little finger to index finger
[101, 209], have showed an additional activation of the ipsilateral primary motor
cortex and bilateral somatosensory areas [101]. These fMRI studies and other
structural studies [233, 289, 111] have mapped the location of the motor hand
area to a knob like structure in the precentral component often known as the
’hand knob’ [289].
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Functional lateralization
The motor hand area holds the most pronounced behavioral asymmetry in the
brain; the preference towards using either the left or right hand. The CS of
right-handed individuals is deeper and larger in the left hemisphere [6, 80, 178,
60, 260]. This pattern is flipped for left-handed subjects. This asymmetry is
related to genetics [166, 259, 186] and environmental factors [247, 147, 158].

2.1.1 CS images

MR images to study CS in this project are from HUBU (’Hjernens Udvikling
hos Børn og Unge’, Brain maturation in children and adolescents). HUBU is
a Danish longitudinal study initiated in 2007. The project is funded by the
Danish Council for Independent Research, the Lundbeck Foundation, The
Danish Agency for Science, Technology and Innovation, Hvidovre Hospital Re-
search Foundation, and the Faculty of Health Sciences of the University of
Copenhagen.
The aim of the HUBU project is to study the maturation of the brain among
healthy children and link this to cognitive abilities and social behavioral data.
Ninety-four 1st to 6th graders from Køge Municipality, located 40 km south-
west of Copenhagen, were initially assigned to the study. Participants should
have had no earlier history of trauma or psychiatric conditions. At the time of
writing eleven semi-annual rounds have been completed and an overview of age
and gender can be found in Table 2.1.

Round Average age (CI 95 %) Gender (M/F) N
1 9.99 (8.36, 11.62) 39/55 94
2 10.56 (8.9, 12.22) 38/55 93
3 11.13 (9.45, 12.81) 26/53 89
4 11.68 (9.99, 13.37) 28/49 77
5 12.09 (10.41, 13.77) 30/48 78
6 12.67 (10.91, 14.43) 28/46 74
7 13.23 (11.56, 14.9) 27/47 74
8 13.72 (12.04, 15.4) 27/46 73
9 14.24 (12.53, 15.95) 27/41 68
10 14.85(13.15, 16.55) 25/38 63
11 16.3 (14.63, 17.97) 15/27 42

Table 2.1: Average age with 95 % Confidence Interval (CI), gender
(F=females, M=males) and number of subjects for each round in
HUBU.
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All children underwent structural 3D MRI and neuropsychological tests,
questionnaires assessing personality traits, stressful life events, alcohol use (from
age 12), collection of saliva samples, and test of math and reading skills in the
first five rounds. In all rounds, subjects had to be excluded due to lack of
sufficient image quality and braces or pathological findings.

2.2 Olfactory sulcus

OS is located in the most medial position forming the lateral border of the gyrus
rectus (Figure 2.2).

Figure 2.2: OS shown in red axial view (left) and sagittal view (right).

The OS has been related to the ability of smell [84, 66]. Studies have also shown
that patients suffering from anosmia have a decreased mean depth and length
of OS [288, 123, 157, 124]. These are important findings since olfactory deficits
can be secondary to a primary disorder such as Parkinson’s disease, Alzheimer’s
disease [107, 139, 68] and Kallmann syndrome [189].

2.2.1 OS images

MR images to study OS are from a project that aims at establishing a charac-
terization of the phenotype in individuals with congenital anosmia. The project
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is funded by the Lundbeck Foundation and the Faroese Research Council. In-
clusion criteria were no previous history of psychiatric illness or head trauma.
Thirty-seven individuals were recruited and divided into 20 anosmia cases (50.3
years ± 14.8) and 17 controls (47.3 ± 15.64). Participants were included in the
anosmia group if they reported lifelong history of impaired olfactory capability.
The groups were matched on age, gender, educational level, and cognitive
ability measured with the Montreal Cognitive Assessment (MoCA) test.
All participants underwent 3D MRI and a test was performed to determine the
ability to process odors by the standardized olfactory Sniffin’ Stick test. The
test comprises three tasks: odor detection by a threshold-score (1-16 points),
odor discrimination in 16 triplets (0-16 points), and odor identification of 16
common odors (0-16 points). Based on the number of correctly answered tasks,
these results are combined into a TDI (Threshold-Discrimination-Identification)
score, with a maximum score of 48. Anosmia is defined as a TDI-score below
16.5 [148].
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Chapter 3

Sulci segmentation

To study the variation in sulci morphology, a segmentation is required. Manual
segmentation is the gold standard since it has a high accuracy. However, it is
very time consuming and the precision might be low. Automatic segmentation
is a non-trivial task due to the structural complexity of the cortex and the inter-
subject variability.
This chapter first defines segmentation. Next, local sulci segmentation is de-
scribed, including manual segmentation of OS (Paper chapter 9)) and auto-
matic segmentation of CS (Paper chapter 8). Finally, global sulci segmentation
is described, including registration-based segmentation of CS (Paper chapter
10).

3.1 Image segmentation

Image segmentation partitions a digital image into multiple segments that either
cover the entire image or a set of contours. A label is assigned to every voxel
in an image, and voxels that share chosen characteristics, share the same label.
Frequently used characteristics are color, intensity, or texture.
Two main strategies are used to perform sulci segmentation: registration-based
segmentation and a direct segmentation in the space of an individual. A direct
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segmentation extracts sulci based on intensities and morphometry [177, 96, 167,
217, 218, 245, 246, 108]. The registration-based approach aligns an image with
an atlas and propagates labels from the atlas to the image [21, 67, 155].

3.2 Local sulci segmentation

A local segmentation can extract sulci invariant of orientations and locations.
This is an advantage as major variation in both orientation and location is
present. The variability in location is seen, for example, in CS, that despite
being one of the most stabile folds, can vary in location by up to 2 cm between
individuals [261]. A local segmentation of the cerebral sulci can be performed
manually, semi-automatically or fully automatically.

3.2.1 Manual segmentation

Manual segmentation is done by tracing an anatomical structure either in each
slice or in a 3D volume. Manual sulci segmentation has been performed on
sagittal slices [188, 253, 142, 269, 6, 280, 120], on the axial plane [162] and on
the lateral brain surface [250, 248], dependent on the sulci of interest. The
variability in brain anatomy poses serious challenges for an automatic sulci seg-
mentation and thus manual annotation remains the gold standard.
Manual segmentation can detect individual anatomical differences and is there-
fore more accurate. The increasing amount of data available challenges this
very time-consuming task and restricts the number of subjects and regions to
be examined. Expert knowledge is required to precisely locate sulci on the cor-
tex. Often, two experienced neurosurgeons or neuroradiologists must trace the
same structure at least once, since the annotator might induce a subjective bias
to the segmentation result. All together, manual segmentation is both difficult
and time-consuming, but still supplies the most accurate sulci segmentation.

3.2.1.1 Segmenting OS

Manual segmentation is often the only possible solution in individuals with
pathological induced structural changes. When a functional ability is trained
[239, 127, 66] or lost [251, 58, 38, 1, 123] the corresponding area in the brain is
structurally reorganized.
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In paper Chapter 9, the OS is manually segmented. This is done since subjects
with anosmia are expected to have structural changes in the depth and length
compared to healthy individuals [288, 123, 157]. The OS was outlined in con-
tinuous 2D slices in the coronal plane on T2-weighted images (Figure 3.2). Two
independent raters traced both the left and right OS twice. Adding a surface to

Figure 3.1: Manual segmentation of OS. The raw annotations from each slice
are shown in 3D in mm. X=left and right, Y=Backward, Z=up.

the annotated points by a delaunay triangulation, the segmented OS is better
visualized (Figure 3.2).

Figure 3.2: The segmented OS shown as a mesh from the annotated points.
The number shown on each OS, reflect each individuals ability to
smell.
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3.2.2 Automatic and semiautomatic segmentation

Automatic sulci segmentation can potentially produce fast and precise results.
An automatic segmentation consists of a series of morphological operations to
separate the sulci from the remaining tissue. In the case of multiple sulci seg-
mentations within the same individual, a sulci recognition is often also carried
out [21, 221].

Two general approaches are used in automatic and semi-automatic segmenta-
tion:

• Edge-based segmentation is the process of identifying and locating
sharp discontinuities in an image. These are found using edge filtering,
which classify voxels into edge or non-edge. Voxels that are not separated
by an edge are allocated to the same category [241]. Examples of edge-
based segmentation methods used to segment a sulcus are zero crossings
from a Laplacian of Gaussian [231, 128, 206] and active contours [155, 274,
63].

• Region-based segmentation iteratively groups related voxels and splits
dissimilar voxels. Examples of region-based segmentation methods used
to segment a sulcus are region growing [262, 166, 217, 190], watersheds
[217, 219, 287], and Markov random fields [245, 158].

Automatic sulci segmentation is, as mentioned earlier, very challenging because
of the high variability in brains. To address the need to segment sulci in or-
der to study their variability, several tools have been developed. PALS (Pro-
gram for Assisted Labeling) is a user interface that enables labeling of multiple
segmented sulcal regions [219]. This labeling is guided by a landmark- and
surface-based atlas of the human cerebral cortex [277]. PALS has been used
to study abnormalities in sulci patterns in patients suffering from schizophre-
nia [58]. CRUISE (Cortical Reconstruction Using Implicit Surface Evolution)
performs an automatic sulci segmentation using fuzzy tissue classification and
topological information to find the interface of the gray matter and white matter
[272]. CRUISE has been used to study the effect of aging on the sulcus shape
[218]. Lastly, BrainVisa, one the most used tools in the sulci literature [178],
segments and labels multiple sulci. BrainVisa has been used to describe the
normal variability in sulci [200, 197, 150, 260, 256], define landmarks [118, 53],
study the effects of alcohol consumption during pregnancy [64], and the effect
of neurologic disorders on sulci morphology [213, 135, 161].
The above tools are used by the majority of groups working with sulci [118,
197, 112, 158, 102, 186, 256, 258], and only a few use their own methods
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[167, 218, 245, 246, 108]. An advantage of this trend is that results become
more comparable between studies.

3.2.2.1 Segmentation of CS

In this project, BrainVisa has been used to segment CS (Paper Chapter 8).
BrainVisa performs a very advanced segmentation and has been shown to be
able to model 96 % of the sulci variability in 21 brains [178]. The first prototype
of BrainVisa was developed in 2000 and new versions have been added since,
with the latest being in 2013.
The following describes the steps in BrainVisa to segment a sulci. Firstly, T1-
weighted MR images are corrected for spatial inhomogeneities induced by weak-
nesses in the acquisition [180]. The brain is then segmented by the intensity dis-
tribution using a scale-space-based approach [177]. The image is next binarized
using a Markovian regularization relying on the Ising model. The binary image
is eroded and this result is used as a seed to reconstruct the brain shape by a
dilation [177]. A second sequence of erosion and dilatation is used to split the
brain mask into the two hemispheres and the cerebellum. The erosion process
is guided by an affine normalization to a white matter mask. A segmentation of
the gray matter and white matter interface is found and skeletonized by another
erosion. Intensities are used to define the localization of the skeleton. Surface
points are gathered into topologically simple surfaces without junctions. Each
simple surface is modeled by its relations to the topological junctions, split in-
duced by a buried gyrus and neighbor geodesic to the brain hull [179]. Finally,
a probabilistic atlas labels these simple surfaces to automatically identify ap-
proximately 60 sulcal labels per hemisphere [206]. A sulcus is represented as
the medial surfaces of two opposing gyral banks that span from the white mat-
ter/gray matter border, at the most internal point, to the envelope of the brain
surface [178].
An example of the result of an automatic segmentation of CS using BrainVisa
in this project (Paper chapter 8) can be seen in Figure 3.3. A pipeline of how
to segment CS from the raw MR images in BrainVisa can be found in Appendix
A.

3.3 Global sulci segmentation

The most common approach to segment sulci is registration-based segmentation
[49, 185, 269, 268, 274, 155, 231, 48, 14, 263, 77, 206]. Registration-based seg-
mentation models a priori information, such as the shape, features, or relative
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Figure 3.3: Automatic segmentation of left and right CS using BrainVisa.

positions, into an atlas. This atlas is warped to a new image and the labels from
the atlas are propagated on to the new image [39]. Registration methods are
described in detail in Chapter 4.
Registration-based segmentation can apply knowledge to multiple images. The
challenge is, however, to align whole brain images from all individuals in a com-
mon atlas space. Even the advanced non-linear warping techniques are thought
to be insufficient to account for the variations in the cortical anatomy between
individuals [177, 48, 167, 40, 144]. The variation within subjects are, however,
much more limited and could provide meaningful alignments.

Constructing an atlas
To perform registration-based segmentation, an atlas has to be constructed to
hold the labels to be propagated to the new image. The most simple atlas is
based on a single labeled volume, such as the Visual Human Project [273]. A
determistic atlas cannot represent the variability of the cortex. However, this
might be possible using a probabilistic atlas that models a priori knowledge of
structural and spatial information from a large sample [185, 154, 184]. By in-
corporating new images, these atlases can be ever improved -an example is the
widely used Internet Brain Segmentation Repository (IBSR) [183]. Several pub-
licly available atlases have been created with manual segmentations, performed
by expert radiologists, to benefit the research community.

A probabilistic atlas can be density-based, label-based, or deformation-based



3.3 Global sulci segmentation 23

depending on the features used to generate it:

• A density-based atlas is an average representation based on intensities.
All images are linearly transformed into a stereotaxic space, normalized
with respect to intensities, averaged on a voxel-by-voxel basis and, finally,
smoothed. Density-based atlases have been used to study the cortical sulci
[74].

• A label-based atlas is constructed by manually labeling parts of the
brain. Images are first mapped into a stereotaxic space. A probability map
is then constructed for each segmented part by determining the proportion
of subjects assigned a given anatomic label at each voxel position. Label-
based atlases have been used to segment sulci in several studies [185, 271,
269, 268].

• A deformation-based atlas is constructed by storing a 3D map that rep-
resents the amount of deformation required to deform an atlas template
into the shape of a brain. This approach has been used in several studies
to segment sulci [269, 268, 11, 62]. Active shape models [51] and active
appearance models [50] are also within this category since they bring spa-
tial prior knowledge to the segmentation process. These approaches have
been used with success to segment sulci [264, 96, 217].

Warping of atlas
A 3D warping algorithm deforms the atlas to match the image to be segmented
[74, 224, 270]. This warp can be affine, which includes translation, rotation,
scaling, and shearing, or non-rigid to allow for local elastic deformations.
The warping of an atlas is often done in two steps. Firstly, by a global affine
registration to perform an initial alignment. This is followed by a local registra-
tion that adapts to the local anatomy by non-rigid registration [114, 39]. Affine
transformations are usually enough when dealing with intra-subject matching in
healthy adults. However, inter-subject registration can only be achieved using
non-rigid registration.

3.3.1 Registration-based segmentation of CS

In this project, we used registration-based segmentation to extract CS from lon-
gitudinal MR images. One CS was segmented for each subject using BrainVisa.
This segmented CS served as a template. The within-subject registration was
done using DARTEL (Diffeomorphic Anatomical Registration using Exponen-
tiated Lie algebra) (Paper chapter 8).
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A study by Klein et al. (2009) compared 14 registration algorithms. No ground
truth exists for a registration, so the registration was compared using eight mea-
sures regarding overlap and distances. Among these registration algorithms,
DARTEL was in the top five, with results showing only minor effects on the
registration between subjects [144].
DARTEL performs non-rigid inter-subject alignment, with six millions para-
meters, that allows enough degrees of freedom to achieve a very precise inter-
subject alignment [136]. DARTEL is an iterative procedure aligning gray and
white matter tissue maps. A flow field is created for each subject which encodes
how individual images should be warped. The algorithm iteratively computes
average templates of the tissue maps and updates the flow fields. As the images
become better aligned, the average tissue map becomes sharper. A clear advan-
tage of DARTEL is that no predefined template or stereotactic space is needed
[12].
In this project, the segmentation results of CS from longitudinal MR images,
based on within-subject registration using DARTEL, can be seen as one example
in Figure 3.4 (Paper Chapter 10).

Figure 3.4: An example of the results from a registration-based segmentation
of CS from longitudinal MR images. An atlas is created for each
subject based on an automatic segmentation. A) Segmentation
from BrainVisa. B) Registration-based segmentation of the same
image.



Chapter 4

Sulci registration

To quantify the biological variability of sulci morphology beyond a feature rep-
resentation, an alignment of the structural anatomy between subject is required
[152]. This chapter first defines image registration and introduces intensity-
based and feature-based registration. Both intensity-based registration and
feature-based registration can be used to align the entire brain and thereby all
sulci [49, 48], and to establish a one-to-one correspondence between segmented
sulci. Next, local registration to align segmented sulci or sulci representations
(Paper Chapter 10 and 9) is described. Finally, global registration of the whole
brain is briefly mentioned.

4.1 Image registration

Image registration bring images into spatial alignment by a geometrical trans-
formation. A registration aims at establishing a one-to-one mapping between
the coordinates in one space and those in another [176, 78].
In image registration, the target, the new image, is spatially transformed to
align with a stationary reference image. The goal is to find a transformation
that maps the target image to match the reference image [176]. Image registra-
tion involves two steps:
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1. An estimation of a set of parameters describing the mapping from each
voxel’s position in a reference image to a corresponding position in the
target image. Such a mapping can be based on intensity patterns or image
features such as points, lines, or contours [176].

2. A geometrical transformation re-samples the target image at new positions
based on the estimated correspondences from the previous step. This new
representation of the target image is established with a point-by-point
correspondence to the reference images. During the registration, a regu-
larization term secures that only reasonable transformations are obtained
[152]. A transformation can be linear and include rotation, scaling, trans-
lation, and other affine transforms, or non-linear to conduct irreversible
large-deformation warps [78].

A similarity measure quantifies the alignment of the transformed target image
to the reference image. An optimization algorithm maximizes the similarity.
This process is repeated until some matching criterion is met [78].

4.1.1 Intensity-based registration

Intensity-based registration estimates the transformation between two images
using the voxel values of either an entire images or subparts of an image. Pre-
processing ensures comparable intensities. An advantage of this registration
approach is that no user-interaction is required to define landmarks.

4.1.2 Feature-based registration

Feature-based registration establishes the correspondence between landmarks,
lines, or contours [176].

Landmarks
Landmarks are defined as pairs of unique points with correspondence between
subjects. Landmarks are aligned in the transformation step and interpolate the
mapping of the other points in an image or on a surface. Landmarks can be
divided into three groups:

• Anatomical landmarks are biologically meaningful and have a corre-
spondence between subjects. Examples of anatomical landmarks are the
anterior commissure [194] and the pli de passage fronto-pariétal moyen
(PPFM) in CS [4].
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• Mathematical landmarks are located in the same mathematical or geo-
metrical location between subjects. An example of a mathematical land-
mark is the deepest point in the hand knob in CS [54].

• Pseudo-landmarks are constructed points that are located between other
landmarks.

Lines and contours
When a feature-based registration is performed for curved objects, the land-
marks can often be aligned exactly; however, the mapping of the other points
can vary depending on the used transformation. To overcome this problem, the
transformation can be based on the deformation between two sulci shapes using
continuous differentiable functions, such as interpolating polynomials, polyno-
mial splines, and thin-plate splines (TPS) [78]. Corresponding landmarks on
a sulci are matched first. A displacement is calculated between these sets of
corresponding landmarks to estimate the displacement from one sulcus (x, y, z)
to another (x + dx, y + dy, z + dx). Based on this displacement, three smooth
interpolation surfaces can be estimated -one for each direction of displacement
(dx, dy, dz). These surfaces hold the displacement to deform sulci to match each
other at every vertex.

4.2 Local sulci registration

A local registration aligns segmented sulci or sulci representations. An advan-
tage of this method is that the registration only aligns the features of interest
and bias from the variation between brains is removed. The segmented sulci are
typically represented by a binary image or a mesh, hence the choice of registra-
tion has to be based on features since no intensities are present.

4.2.1 Aligning OS in healthy and patients with anosmia

A point-wise registration of sulci in healthy individuals and individuals with
pathological conditions is typically not a valid option, since an actual corre-
spondence is non-existing [267, 287].

In this project, we aligned the OS for healthy individuals and patients suffering
from anosmia with respect to the lack of depth and length in the individuals
with anosmia [123] (Paper Chapter10). The following steps were taken. All OS
had their first position at the posterior extension. OS lengths were scaled with
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respect to the length from the anterior commissure to the intersection with the
skull. Furthermore, all OS depths were scaled with respect to the height from
AC to the intersection of the skull in a line perpendicular to the length.

4.2.1.1 Aligning the shape of CS

A point-wise correspondence of the segmented sulci can describe the variabil-
ity in shape and positional movement. In this project, we aligned segmented
CS using a Thin Plate Spine (TPS) to obtain a smooth interpolation of the
deformation between landmarks [69] (Paper chapter 10).

The basic idea of TPS is to model the behavior of infinitely thin metal plates
forced through 3D points. The metal plates will naturally resist bending, as
will the TPS subjected to a penalty against bending. The bending energy J is
a function of the curvature of f :
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With x̄i, ȳi, i = 1, ..., N , and x̄i as the target shape and ȳi as the reference.
This bending is used to determine the weights w of the mapping between the
two sulci by minimizing the sum of squared distances:

f(x̄, ȳ, λ) = arg min
w

N∑
i=1

‖T (x̄; w̄)− ȳi‖
2

+ λJ(f) (4.2)

λ controls the degree of smoothing. A λ that equals zero produces an inter-
polation, and higher values of λ produce more smooth surface until it approaches
a plane.

The minimization of f in 4.2 can be expressed as:

f(x) = βk
0 + (βk

1 )Tx+

N∑
i=1

αk
i η3(||x− xi||), (4.3)
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With η3(r) = ‖r‖3 and r being the distances between points in the two sulci.
This can be written into matrix notation of a linear system to find ᾱ and β̄.

[
K + λI P T

P 0

] [
ᾱ
β̄

]
=

[
y
0

]
(4.4)

with ȳ = [ȳ1, ..., ȳN ]T , ᾱ = [α1, ..., αN ]T and β̄ = [β0;β1], Kij = η3(||x̄i− x̄j ||)

and P =

[
1 ... 1
x̄1 ... x̄N

]
.

In this project, we performed TPS registration in a program called Landmarker
by Darvann et al. (2008) [61] (Paper chapter 10). This program supplies user-
friendly annotations and registrations.

4.3 Global sulci registration

Mapping of the whole brain was introduced within subjects to locate activation
in Positron Emission Tomography (PET) images with bad resolution [81]. This
has led to many approaches using sulci in both landmark-based registration
[46, 40, 264, 167, 47] and feature-based registration [47, 277, 269, 266, 265, 272,
77, 134, 170]. A problem in whole brain registration is that many features or
landmarks are not represented in all brains [47, 134]. This especially gives rise
to problems relating to sulci morphology, since the cortex is subjected to very
large variability [199].
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Chapter 5

Representation of sulcal
morphology

Sulci morphology is the study of the geometrical information that remains after
filtering out scale, location, and rotation. Sulci morphology has been widely
studied and the representation of the anatomy has spawned many features.
One representation, the sulcal depth position profile, has almost become a gold
standard. This chapter describes the representation of sulci by features and by
shape.

5.1 Feature-based representation

The high inter-subject variability might challenge a reasonable alignment of the
whole brain and hence sulci. Instead features are often used in the majority
of studies within sulcal morphology. Features are distinctive characteristics
independent of rotation and location.

Gyrification
Gyrification has been shown to be associated with higher cognitive abilities
[169]. A local gyrification quantifies the amount of cortex buried within the
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sulcal folds compared to the amount of cortex on the outer cortex. A local
gyrification index has been used to quantify age-related changes in sulci [218].

Surface area
The area of a sulcus is another widely used feature [80, 282, 15, 218, 149, 160,
162, 161]. The surface area of a sulcus can be represented by either the medial
sheet or the areas on either side of the banks [162]. The medial sheet provides a
balanced representation of a sulcus and the associated gyri [277, 275, 172]. The
banks reflect specific functional areas, such as the motor cortex in the anterior
banks of the CS.

Top and bottom length
The patterns of cerebral gyrification can be represented by the lengths of pri-
mary sulci [130, 131]. Two of the more recent features in the literature are the
sulcus top and bottom length [160, 162, 161, 256] and an average of the two
[80, 149, 186, 161].

GM volume
The cortex holds the neurons and glia cells, and hence the GM volume surround-
ing a sulcus is a direct measure of local cortical functionality. Common cortex
features related to sulcal morphology are GM volume [218], cortical thickness
[282, 129], and average cortical thickness [218, 161]. The surface area and the
cortical thickness define the GM volume. The surface area and the cortical thick-
ness seem to be genetically independent [202, 117] and are affected differently
during maturation [282].

Sulcal width
To quantify the local GM atrophy, the sulcal width is a good indicator [150, 164,
162, 161] as well as the average width [150, 129, 164, 162, 256, 161]. Greater
width reflects a decrease in the overall brain size and vasculature in the brain
[59]. Furthermore, this feature is thought to be associated with a decrease in
white matter and subcortical volumes in normal aging [165].

Distance to interhemispheric fissures
The distance from the interhemispheric fissures to a sulcus can provide informa-
tion about alternations in maturations [133, 256]. Despite the great variability
in the cortical folding, the organization of the deep structures are rather
stable [199, 282], and hence large deviations might reflect pathological conditions
[133, 256].

Depth profile
Age-related atrophy of the WM and GM volume result in less sharp gyri and
more open sulci. This lower the distance from a top of a gyri to the inner most
part of a sulcus. This depth is often measured along the entire sulcus and is



5.1 Feature-based representation 33

called the sulcal depth profile or depth-position profiles [6, 60]. Depth profiles
provide a measure of the true cortical depth, as they take into account the
twisting nature of the sulcus [283].
The depth profile parameterizes sulci to create a normalized coordinate system
on its surface. One hundred successive depths are calculated along the entire
sulcal contour (Figure 5.1). This uniform parameterization of sulci provide a
good inter-subject matching [60].

Figure 5.1: Representation of the sulcal morphology by the sulcus depth pro-
file. The depth is calculated at 100 points along the sulcus.

Sulcal depth profiles have been used to identify landmarks as PPFM [60] and
the hand knob in CS [54]. Furthermore, it has been used to describe the shape
variability in CS [263, 63, 118] and its relation to genetics [186], gender [60, 256],
handedness [6, 5], age [60], and pathology [161]. The depth profile is often used
to calculate an average depth [123, 15, 150, 161, 129, 149, 186, 256, 161] or a
maximum depth [15, 161].

The depth profile can be derived in several ways. The very simplest is found
by manually tracing 2D slices [6, 280]. Another alternative combines manually
tracing of the points along the top ridge, with a cost function, that firstly favor
short depths to the bottom ridge and secondly favor points on a plane perpen-
dicular to the long axis of the sulcus [63]. Coulon et al. (2006) generated an
observer-independent depth profile that extrapolated a coordinate field over the
entire surface by solving the heat equation on the surface. The top ridge, bottom
ridge, and the two endpoints behaved as constant heat sources [52, 60]. McKay
et al. (2013) presented an automatic method that connected 100 equivalently
spaced points on the top and bottom ridge by a geodesic line [186].
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Sulcal profile
An extension of the sulcal depth profile is the sulcal profile. The sulcal profile
has been used to locate the hand motor area in CS [53] and to investigate the
morphology between children diagnosed with attention deficit and hyperactivity
(ADHD) and healthy controls [161]. This sulcal profile quantifies the variability
in the curvature along the sulcus [53]. The sulcal profile measures the average
deviation in 100 positions along the sulci to the plane of main orientation of the
sulcus.

Calculating sulci profile
A sulcus can be represented as S = {Xi, Yi, Zi}, with i = 1, ..., N and N
being the number of vertices. The eigenvectors (P ) and eigenvalues (Λ) of
the covariance matrix Σ = (N − 1)−1

∑N
i=1(Si − S)(Si − S) can be found by

ΣP = ΛP . The first two eigenvectors, p1 and p2, associated with the maximum
eigenvalues yields the orientation of the plane. The third eigenvector, p3, is the
unit normal vector. The distance between a point on the sulcus and the plane
of main direction is calculated as: Di = p3 · (Si − S).

5.2 Shape-based representation

A feature-based representation uses only part of the information given in a 3D
shape. To obtain a quantitative description of the overall shape variability,
a feature extraction can transforms data from a high-dimensional space to a
space of fewer dimensions. A sulci must then be described by a finite number of
landmarks, that has correspondence between and within populations. The data
transformation may be linear as in a Principal Component Analysis (PCA) or
non-linear as in a ISOMAP.

Principal Component Analysis
PCA has been used to quantify the difference between shapes in CS in relation
to genetics [95]. PCA seeks to reduce the dimensionality of the data by finding
new orthogonal linear combinations of the original variables. shape correspon-
dence is needed. If we again let a sulcus be represented by S = {Xi, Yi, Zi},
with i = 1, ..., N , and N being the number of vertices, and the covariance ma-
trix Σ = (N − 1)−1

∑N
i=1(Si − S)(Si − S). PCA seeks to find a linear com-

bination, Y = P ′S, that maximizes the variance D(Y ) = D(P ′S) = P ′ΛP =
Λ. This yields the eigenvalue problem SP = ΛP , with the associated eigen-
values arranged in descending order: Λ = diag{λ1, ..., λN} and principal vec-
tor P = [p1, ..., pN ]. The first principal component is the linear projection of
Y1 = p′1S that maximizes the variance in data. The second principal component
maximizes the variance orthogonal to the first. These orthogonal components
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are uncorrelated.

Manifold learning
The sulcal shape is not always well described by a linear projection as PCA.
Non-linear techniques such as manifolds have also been used to describe the lo-
cation of the hand knob [260] and functional variability in hand movement and
silent reading [258]. An isomap is a multidimensional scaling technique that
finds average quadratic distance between pairs of sulci in 3D. These distances
are gathered in a high dimensional similarity matrix of the inter-individual shape
variability. Manifold learning can represent this similarity in a non-linear struc-
ture to obtain a more compact representation of the inter-individual shape
variability.
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Chapter 6

Statistics

Statistical methods can relate sulci shape to demographic variables. This chap-
ter describes the General Linear Model (GLM) that enables the influence of
covariates in modeling the sulcal shape (PFaper Chapter 8 and 9). Covariates
are not of primary interest, but potentially influence the response. An example
of a covariate is the total brain volume, which affects the size of a sulcus. Re-
peated measurements on the same subject violate the standard independency
assumption of the dependent variable. These correlation have to be modeled,
which can be achieved in mixed model (paper Chapter 10). Finally, Factor
Analysis (FA) is described since it can transform correlated sulci depths into
uncorrelated interpretable subparts (Paper Chapter 8 and 9). The advantage
of FA compared to PCA, which also performs an orthogonal transformation, is
that PCA is driven by the variation in data and the resultant transformation
is hard to interpret. FA has the advantage that it models an underlying causal
relationship [143], which is in line with the topological organization of sulci. The
depths along a sulcus can be tested independently, which introduces a multiple
comparisons problem. In multiple comparisons, we risk to falsely reject the null
hypothesis. This can be corrected, for example, by the false discovery rate [71].
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6.1 General linear model

GLM predicts the dependent variable from one or more independent variables,
and is often used in cross sectional studies of the sulcal shape [54, 286, 145, 119].
The dependent variable (Y ) for any given observation is the sum of the intercept,
the sum of the weighted independent variables, and the error [143]:

Y = α+ β1X1 + β2X2 + ...+ βnXn + ε (6.1)

Y : Dependent variable.
α: Intercept
Xi: Independent variable
βi: A series of n weights for each independent variable
ε: Prediction error or residual

The predicted value of the dependent variable is thus:

Ŷ = α+ β1X1 + β2X2 + ...+ βnXn, i = 1...n, (6.2)

From equation 6.1 and 6.2 the residual (ε) is just Y − Ŷ . The most frequently
used criterion to estimate the GLM parameters is the least squares criterion,
which minimizes the sum of the squared differences between observed and pre-
dicted values

∑n
i=1(Yi− Ŷi)2 =

∑n
i=1 ε

2
i . Writing it into matrix notation yields:

Y = Xβ+ ε, with the solution for the estimation of β: β̂ = (X ′X)−1X ′Y [143].
The errors are assumed to be independent and follow normal distribution with
zero mean and constant variance, ε ∼ N(0, σ2).

6.2 Mixed models

The large amount of between-subject variation, especially in the cortex, reduces
the sensitivity in cross-sectional studies. Longitudinal studies have been used
to study age-related changes in the brain [159, 218, 218, 248]. A longitudinal
study involves repeated observations of the same variables in the same subjects
at more than one point in time [22]. Observed variation in a longitudinal study
is, hence, related to changes within subjects, which makes the results more
accurate [215, 236, 75, 196]. Longitudinal studies require large amounts of time,
are expensive, and participants might drop out [22].
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In longitudinal studies, the observations within subjects are correlated, which
means the residuals are also correlated. This correlation in the residuals can
be modeled in a general mixed model by modeling the covariation structure
imposed upon the residuals. [103]
A mixed model contains both fixed and random effects. Fixed effects hold
explanatory variables and random effects hold the variables for which the model
is to be adjusted:

Y = Xβ + Zγ + ε (6.3)

Y : Dependent variable
X: Design matrix of the independent variables related to fixed effects
β: Fixed-effects regression coefficients
Z: Design matrix for the random effects
γ: Random effects regression coefficients, γ ∼ N(0, G).
ε: Residuals, ε ∼ N(0, R),

Generalized least squares is used to estimate β, γ and R in order to minimize:
(y−Xβ)′V −1(y−Xβ). V is the variance of Y given by V = ZGZ ′+R. V can
be modeled by setting up the random-effects design matrix Z and by specifying
the covariance structures for G and R. In repeated measured with no nesting of
the data, the Z matrix contains dummy variables.

Modeling the error covariance
The error covariance structure, R, holds the correlation in errors between obser-
vations from the same subject. If, for example, the variance is homogeneous in
time, the diagonal will hold σ2. Measurements on the same subject made close
together in time are often more correlated than measures made further apart.
An irregular time interval is often seen between measurements, which can be
modeled by a spatial power covariance function imposed upon the
residuals [103]. This is a continuous-time model taking into account the irregular
time intervals and the decline in correlations over time:

D(εij , εi′j) = σ2ρdi
′j (6.4)

D(εij , εi′j) is the covariance matrix of the errors ε between time i and time i′

for subject j, σ2 is the variances of the errors and ρdi
′i is the correlation of the

errors measured at distance, d, between the time i and the next i′.
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6.3 Factor analysis

Factor analysis includes a factor extraction followed by factor rotation that
prompts the interpretation of the transformed data [143].
If we have an observation X = [X1...XK ]′, e.g. the depths along a sulcus from
one subject. These depths can be modeled as to how they depend on some
underlying factors:

X = AF +G (6.5)

F : A vector of factor scores
A: Factor loadings, which give weights to single factors. This is the correlation
between an observation (X) and a factor score (F).
G: Unique factors, which are errors or special for a specific depths. D(F,G) = 0.

With k observations, in m subjects and n models, this yields:

X11 · · · Xk1

...
...

X1n · · · Xkn

 =

a11 · · · a1n
...

...
ak1 · · · akn


F11 · · · F1n

...
...

Fm1 · · · Fmn

+

G11 · · · G1n

...
...

Gk1 · · · Gkn


Extraction of factors
The factor loadings, A, can be found by the principal factor solution AA′ =
(PΛ1/2)(PΛ1/2)′, with P being the eigenvectors and Λ the eigenvalues.
The variability in each observation (X), explained by the m common factors
(A), can be found by h2j = aj1 + ...+ ajm with j = 1, ...k. h2j is called commu-
nalities and expresses the amount of variability in each subject explained by the
model [143]. The factor loadings can be estimated by, for example, principal
components, maximum likelihood, generalized least squares, and unweighted
least squares [143].

Rotation of factors
To prompt the interpretation of the factor loadings, a FA also encompasses a
rotation to assign factor loading to load primarily to one factor score [143].
The rotation can be done by, for example, varimax, quartimax, parsimax, and
equamax. The factor loadings are uncorrelated after factor extraction. To retain
these orthogonal factor loadings an orthogonal rotation is often preferred using
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the varimax rotation [137]. A varimax rotation maximize:

m∑
j=1

{
k∑

i=1

(
a2
ij

h2
i

)2
− 1

m

[
k∑

i=1

(
a2
ij

h2
i

)]2}
(6.6)

This maximization prompts a lot of the aij ’s to become close to 0 and others
to become close to −1 or 1. This makes the loadings much easier to interpret.
[143]
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Chapter 7

Discussion and conclusion

This thesis has addressed the variation in the folding of the cerebral cortex
which, despite numerous studies, is largely unknown. The cerebral folding can
be described by the sulcal shape, since the shape of cortical sulci and gyri are
determined in part by forces exerted by white matter fiber connections.
The objective of this thesis was to study sulcal morphology using MR images
and techniques within spatial statistics to investigate:

1) The normal development of central sulcus

2) The influence of functional lateralization on the motor hand area of central
sulcus

3) The influence of a pathological condition, anosmia, on the morphology of
olfactory sulcus

These objectives were addressed in the scientific contributions in Chapter 8 to
10. The methods used in these contributions were described in greater detail
in Chapter 1 to 6. The results found in the contributions are first summarized.
This is followed by a discussion of the used methods.
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7.1 Summary of methods and results

1) The normal development of central sulcus
Gyrification decreases in childhood and adolescence; however, relatively little is
still known about the local development in the folding of the cortical surface.
Methods: Sulci maturation was studied in a longitudinal study of CS. Lon-
gitudinal studies reduce the sensitivity caused by the large subject variation.
The CS was automatically segmented in one round for each subject. These
segmented sulci were used in a registration-based segmentation, using DAR-
TEL to align images within subjects. The shape of CS was represented by the
surface area, the depth, and the positional movements. The longitudinal data
were modeled and tested using mixed models. Sulci were aligned with TPS to
obtain a point-wise correspondence between subjects. Eight landmarks for each
subject were automatically calculated based on the curvature along CS.
Results: This study showed significantly reduced left surface area of CS over
time, especially in females. These results are in line with cross-sectional stud-
ies; however, our results suggest that the overall maturation might locally both
increase and decrease.

2) The influence of functional lateralization on the motor hand area
of central sulcus
To understand how specific functions and abilities affect the sulcal shape, the
ability to use the hands are related to the motor hand area in the CS.
Methods: The CS was automatically segmented in both hemispheres. The
surface area and depth profile represented the shape of CS. The subject’s ability
to draw superimposed circles in a regular fashion was measured to obtain a
right-left asymmetry in dexterity. An asymmetry index was calculated for the
dexterity measure, the area, and each depth. The depths were modeled into
causal subareas of the CS using factor analysis. Statistical tests were performed
using GLM.
Results: Handedness has been mapped to the motor hand area before, but here
we show that higher manual proficiency is associated with increased cortical
folding, resulting in a deeper sulcus in the dominating hemisphere.

3) The influence of a pathological condition, anosmia, on the mor-
phology of olfactory sulcus
To understand how the sulcal shape is affected in patients with a pathological
condition, we studied how the subareas along OS are affected by the atrophy of
the olfactory bulb.
Methods: The OS and olfactory bulb were manually segmented. The traced
points were gathered into a sulci mesh. The sulci shapes were represented by
the area and depth position profile. The sulci were aligned using a method that
respected the lack of depth and length in individuals with anosmia. The depths
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were modeled using factor analysis and statistical tests were performed using
GLM.
Results: The depth of OS in individuals with anosmia has been shown to be
reduced in other studies, but this study finds that the atrophy of the olfac-
tory bulb results in reduced depth in the bilateral OS. This reduction is most
prominent in posterior and middle subareas of the OS.

7.2 Discussion of methods and results

To answer the objectives, sulci morphology has been studied using high quality
MR images of the brain, sulci segmentation, sulci alignment, and sulci shape
representation.

7.2.1 Sulci segmentation

Two main strategies can be pursued to segment sulci: direct segmentation and
registration-based segmentation. In this project, we used both by performing
manual segmentation, automatic segmentation, and a registration-based seg-
mentation. All three methods yielded nice segmentations. Manual tracing is
necessary to segment small sulci like the OS, especially in patients with patho-
logical diseases. Manual tracing remains the gold standard to produce accurate
segmentation, but stable sulci, such as the CS, can with success be segmented
using an automatic algorithm. Automatic algorithms are used by the majority
of groups working with sulci morphology [118, 197, 112, 158, 102, 186, 256, 258]
and only few use their own methods [167, 218, 245, 246, 108]. An advantage of
this trend is that results become more comparable between studies.

7.2.2 Sulci registration

In the sulcal literature, registration is mainly performed by aligning the sulcal
depths in a depths-position profile. In this project, we aligned sulci with a
depth position profile, with a feature-based registration (TPS), and by a global
registration in DARTEL in order to segment sulci. The variation within subjects
provides meaningful registrations, as these images are almost alike. Global
registration has been widely used to align the whole brain, which generally aligns
the brain very nicely between subjects [144]; however, the variability between
brains might mean that no meaningful correspondence exists. This problem
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might also apply to the local registration of the shape of CS and in the depth
profiles. This question if or how brains can be compared in general.

7.2.3 Sulci representation

The sulci shape can be represented by sulci metrics or by the overall shape. In
this project, we have used the surface area and the sulcal depth. These features
are the most frequently used in the literature and provide general information
about sulci. In the future, these metrics could be combined with local gray mat-
ter thickness to address the amount of neuron cell bodies surrounding a sulcus.
Furthermore, the two banks in sulci could provide more accurate information in
the mapping of a functionality, for example, by mapping a functional measure
of the hands to the banks on frontal lobe in the CS.

7.2.4 Future sulci morphology studies

Future studies of the sulci morphology could include 7 T MR imaging. Given the
size of the brain and the magnitude of the within subject changes over time, the
measurable changes are expected to be small within a year or two. This might
challenge the resolution of 1.5 T or 3 T images. The 7 tesla MRI techniques
might meet the demands to map sulci changes on a finer time scale in relation
to the positional movements in the brain. [291]
Sulcal morphology studies could in the future combine several modalities, such
as DTI with fMRI or MRI with TMS, to combine functional and structural
studies.

The ultimate goal is to understand the brain’s variability both in healthy indi-
viduals and patients suffering from brain disorders. This thesis has addressed
sulcal variability in relation to maturation, functionality, and pathological condi-
tions. Hopefully, this thesis has made a small contribution to the understanding
of the large variability in the brain.



Part II

Contributions





Chapter 8

Right-left asymmetry in
depth of central sulcus

predicts right-left
asymmetry in manual

dexterity: a structural MRI
study of right-handed

children and adolescents

Betina Vase Jensen1,2, William F.C. Baaré1, Kathrine Skak Madsen1, Steffen
Angstmann1, Rasmus Larsen2, Hartwig Roman Siebner1,3∗

1 Danish Research Centre for Magnetic Resonance, Centre for Functional and
Diagnostic Imaging and Research, Copenhagen University Hospital Hvidovre,
Denmark
2DTU Compute, Technical University of Denmark - DTU, Kgs. Lyngby, Den-
mark



50

Right-left asymmetry in depth of central sulcus predicts right-left
asymmetry in manual dexterity: a structural MRI study of right-handed

children and adolescents

3Department of Neurology, Copenhagen University Hospital Bispebjerg, Copen-
hagen, Denmark

Abstract

Handedness, the preferred use of one hand for manual dexterity tasks, is asso-
ciated with right-left asymmetries in the surface area and depth of the central
sulcus with the dominant hemisphere showing a larger surface area and depth.
It is less clear how right-left differences in manual dexterity are reflected in
right-left asymmetries in the depth and surface area of the central sulcus. This
study was designed to examine the relationship between the depth of the central
sulcus and manual dexterity in consistently right-handed children and adoles-
cents. We applied factor analysis as a observer-independent modeling of central
sulcus depth. Central sulcus have been segmented from high-resolution struc-
tural magnetic resonance images (MRIs) in cohort of 51 typically-developing
individuals. Right-left asymmetry in dexterity was assessed using a drawing
task, which tested subject’s ability to draw superimposed circles in a regular
fashion. All participants showed a strong preference for the right hand, avoid-
ing any confound influence of differences in handedness. Factor analysis revealed
11 factors of which two were spatially expressed in the ’hand knob’ region of
the primary motor cortex (M1-HAND). Only these two factors significantly pre-
dicted the right-left asymmetry in manual proficiency during a circle-drawing
task. The deeper the left relative to the right central sulcus in M1-HAND, the
stronger was the right-hand advantage in drawing performance. This effect was
not related to age, gender, or the total cortical surface of the cerebral hemi-
spheres. It also cannot be explained by handedness, because all participants
were consistent right-handers. The results indicate that manual proficiency is
associated with increased cortical folding, resulting in a deeper sulcus in the
more proficient hemisphere.

Introduction

The proficient use of the hand for skilled activities is a hallmark of human motor
control. A large repertoire of manual skills, such as writing or picking up small
items, is already acquired during childhood. The ability to skillfully use the
hand, referred to as dexterity, requires the finely tuned coordination of multiple
muscles to synchronize the movements of hands and fingers. Dexterity strongly
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relies on a proper function of primary motor hand area (M1HAND) and its
monosynaptic cortico-motor neuronal connections supplying the hand muscles
[229, 156].
Another striking property of manual motor control in humans is a high de-
gree of functional lateralization of hand use. Nine out of ten humans show a
life-long preference for using the right hand during skilled manual actions [85].
The strong bias towards right-handedness is a unique human motor trait, which
appears to be universally expressed in all human populations anywhere in the
world. No other primate species shows a tendency to favor the right over the
left hand that comes even close to the right-hand bias expressed in humans [43].
Right-handed people are usually more skillful with their right hands as opposed
to their left hands when performing manual tasks. This is implied in the latin
word ”dexter”, which means ”right” but also ”skillful”. Yet, even in highly con-
sistent right-handers, who show a strong bias towards using the right hand for
daily activities, right-left asymmetry of manual dexterity may vary from subject
to subject [82] although this variability of right-left asymmetry in dexterity has
not attracted much attention.
Structural magnetic resonance imaging (MRI) of the brain has been used by sev-
eral groups to identify macrostructural correlates of handedness in the human
M1HAND. The M1HAND region forms a characteristic precentral ’knob’ and
can be easily identified on axial structural MRI scans, because of the omega-like
shape of the central sulcus [289]. Shape analysis of the central sulcus yielded a
difference in the ’hand knob’ position along the dorso-ventral axis of the cen-
tral sulcus [260]. In consistent right-handers, the overall location of the ’hand
knob’ is located more dorsally in the left (dominant) hemisphere than in the
left (non-dominant) hemisphere in consistent left-handers [260]. Other studies
have found an association between handedness and the right-left asymmetry of
the area and depth of the central sulcus. Consistent right- and left-handers
consistently showed a larger surface area of the central sulcus in the dominant
hemisphere contralateral to the preferred hand [6, 80, 147, 63]. Cykowski et al.
(2007) used an observer-independent depth measurement of the central sulcus
to study the influence of handedness on the depth profile of the central sulcus:
Healthy adult right-handed subjects revealed a deeper central sulcus in the left
dominant hemisphere. In male right-handers, this leftward depth asymmetry
was expressed in the superior extent of the central sulcus, whereas the leftward
depth asymmetry was located near the midpoint of the central sulcus in female
subjects [60].
While these morphometric MRI studies in adults provided converging evidence
for a structural asymmetry of the central sulcus that is related to handedness,
the interpretation of these studies is ambiguous. Since the asymmetry in pre-
ferred hand use (i.e., handedness) is confounded by an asymmetry to the ability
to use the right and left hands skillfully (i.e., dexterity), it is difficult to at-
tribute structural asymmetry in sulcal anatomy specifically to handedness or
dexterity. In left-handed adult individuals, who were forced to write with their
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non-preferred right hand at school, forced dextrality was associated with an
asymmetry in sulcal size typical of right-handers, but forced dextrality did no
shift of the handedness-specific location of the ”hand knob” [260]. These findings
indicate that in adults, sulcal morphology reflects both, innate hand preference
as well as environmental influences shaping early developmental experience.
This study was designed to specifically assess the relationship between asym-
metry in manual dexterity and right-left asymmetry in the depth profile of
the central sulcus. To this end, we applied observer-independent depth anal-
ysis of the central sulcus to high-resolution structural MRIs, which had been
collected in a cohort of 51 typically-developing right-handed individuals. Right-
left asymmetry in dexterity was assessed using a drawing task, which tested
subject’s ability to draw superimposed circles in a regular fashion. We studied
typically-developing adolescents, because we wished to minimize the influence of
developmental experience. Critically, all participants showed a strong preference
for the right hand, avoiding any confound influence of differences in handedness.
We hypothesized that the individual right-left asymmetry in manual dexterity
would show a spatially specific negative correlation with right-left asymmetry
in sulcal depth within the hand knob region of the central sulcus.

Methods

Participants

The initial group consisted of 66 typically-developing right-handed children and
adolescents, who participated in the HUBU (’Hjernens Udvikling hos Børn og
Unge’ - Brain maturation in children and adolescents) project. The HUBU
project is a magnetic resonance imaging (MRI) study in which developmental
changes in cognition, brain structure and function are prospectively assessed
every six months [173]. The data reported here were collected in the eighth
assessment round. Participants had no known history of neurological or psy-
chiatric disorders or significant brain injury according to parent reports. To
minimize the confounding effect of inter-individual differences in handedness,
we only included participants who reported a consistent preference for using
the right hand for everyday manual skills. The median handedness score was
100 %, ranging from 44 % to 100 % according to the Edinburgh Handedness
Inventory (EHI) [198]. The EHI provides a laterality score for preferred hand
use which ranges from −100 % (completely sinistral) to +100% (completely
dextral). Prior to participation and after receiving oral and written explanation
of the study aims and study procedures, all children assented to the procedures
and informed written consent was obtained from the parents or guardians of all
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participants. The experimental procedures were approved by the ethics Com-
mittee of the Capital Region of Denmark (H-KF-01-131/03), and conducted in
accordance with the Declaration of Helsinki. Fifteen participants were not in-
cluded in the final data analysis because due to dental brace (n=8), abnormal
MRI findings (n=2), image artifacts (n=2), failure to segment the central sulcus
(n=2), missing recordings of dexterity (n=1). The final cohort consisted of 51
children (18 males and 33 females) with a mean age of 13.6 ± 1.7 years (mean
± SD age range: 11 to 16 years).

Measurement of manual proficiency

To obtain a measure of dexterity for the right and left hand, participants were
asked to perform a simple circle drawing task with their right and left hand.
Circle drawing was performed on a regular piece of paper with a digitizing ink-
ing pen. Participants were asked to continuously draw concentric superimposed
circles on a sheet of paper using an inking digitizing pen. Firstly, circles were
drawn with the right hand in clockwise direction for 10 s, then circles were
drawn with the left hand in counter-clockwise direction for 10 s. Participants
were informed that we were mainly interested in testing their ability to produce
circles in a regular fashion. Therefore, we emphasized that they should try to
draw circles as smoothly as possible at a constant speed. To facilitate fluent
open-loop performance, we told subjects that one circle did not need to exactly
overlay the other.
We chose this circle drawing task because it involved a precision grip to hold
the pencil, required the rapid synchronization of finger movements and had been
previously used to compare dexterity of the right and left hand [110, 147, 247].
Further, the task was easy to understand, not previously trained at school,
and could be completed with both the preferred right and non-preferred left
hand. Circle drawing performance was continuously recorded using a digitiz-
ing tablet (UD-1212; WACOM Europe, Neuss, Germany). The position of the
pen tip was stored at a sample frequency of 200 Hz. Kinematic analyses were
performed using commercially available software (CS-Win; Version 10.05, Med-
Com, München, Germany).
We were mainly interested in assessing the temporal regularity of drawing move-
ments. Smooth and fluent circle drawing is characterized by a low variance of
the velocity profiles produced during the circle drawing task. Using the CS-Win
software, the vertical drawing traces and the corresponding velocity profiles
produced with the right and left hand were automatically segmented into con-
secutive up-and-down strokes. Curves of vertical velocity were calculated and
smoothed by nonparametric regression methods [181]. Based on these velocity
curves, we calculated vertical peak velocity of all up-and down drawing move-
ments and derived the coefficient of variance (CV = standard deviation / mean)
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of peak vertical velocity for right hand drawing (CVR) and left hand drawing
(CVL). This measure was used as index of manual dexterity. The smaller the CV
of peak velocity, the more regular were the velocity profiles during continuous
circle drawing, indicating a high level of manual proficiency for circle drawing
(Figure 8.1). The individual CVR and CVL values were used to calculate a an

Figure 8.1: Measurement of manual proficiency. A and B) Top: The left and
right hand circle drawing. Bottom: Velocity profile of the drawing
traces. More fluently drawings results in less variability in the
velocity profile. C) Histogram of the asymmetry coefficient of the
dexterity.

Asymmetry Coefficient (AC) score to quantify right-left asymmetry in manual
dexterity for each subject. The AC was calculated using the following formula
and is expressed in percentage:

ACCV =
CVR − CVL
CVR + CVL

· 100 (8.1)

ACCV values between -100 and -1 indicated more regular velocity profiles dur-
ing right-hand circle drawing relative to circle drawing with the left hand. Con-
versely, ACCV values between 1 and 100 indicate a left-hand advantage for
regular circle drawing.

Structural brain imaging

Three-dimensional T1-weighted MRI scans (Figure 8.2) were acquired using 3.0
Tesla Siemens Magnetom Trio Scanner (Siemens, Erlangen, Germany) equipped
with an eight-channel surface head-coil (Invivo, Fl, USA). A sagittal magneti-
zation prepared rapid acquisition gradient echo (MPRAGE) sequence was used
with a repetition time (TR) of 1550 ms, echo time (TE) of 3.04 ms, inversion
time (TI) of 800 ms, and a flip-angle of 9 ◦. The MRI scans had a 1mm isotropic
resolution covering the whole brain using 192 sagittal slices with no gap (matrix
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256 x 256). All images were visually inspected to insure sufficient image
quality. This was done blind to behavioral data. Images were preprocessed using
SPM 8 (Wellcome Department of Cognitive Neurology, University College Lon-
don, UK). The T1-weighted images were corrected for spatial distortions due to
non-linearity in the gradient system of the scanner and oriented to the MNI co-
ordinate system using a six-parameter mutual information rigid transformation
[136].

Segmentation of the central sulcus

The central sulci were extracted from the T1-weighted MRI scans using Brain-
Visa 4.3.0 (http://brainvisa.info) [178]. BrainVisa represents a sulcus as a three-
dimensional mesh of the medial surface of the cerebrospinal fluid filling the cen-
tral fold. A mesh represents the geometry of sulci as triangles. The edges of
these triangles are called vertices and their relationships faces. All sulci were
extracted and identified using the build-in pipeline (’Morphologist 2012’). An
automated sulcal-recognition algorithm assigned standard anatomical labels to
sulci using neural network-based pattern classification [178]. The pipeline was
used with a global and local registration to recognize each sulci ("Statistical
Parametric Anatomy Mapping"). Two sulci (2 left) had to be identified with
another labelling method in BrainVisa (Artificial Neural Networks). Trying
both recognition methods the central sulci of one subject were only successfully
extracted at the medial end and hence had to be excluded. After sulcus ex-
traction, 81 % of the sulci had to be edited manually in MeshLab (1.3.2), a
3D program for mesh manipulation (MeshLab, 2015) to remove other sulci or
noise. Finally, an expert (HRS) confirmed that the software correctly identified
sulci. All right central sulci were flipped relative to the interhemispheric plane
for asymmetry studies.

Depth profile of the central sulcus

Since the depth profiles of a given sulcus treat each depth along the sulcus
as a continuous variable, depth profiles offer a good inter-subject matching for
morphological studies of cortical sulci [6, 60]. With respect to the central sulcus,
profiling the sulcal depth has been used to identify landmarks of the hand knob
[53], assess regional variations in sulcal area in relation to genetics [186] and to
investigate the influence of handedness [6, 118]. For sulcal depth profiling, we
used a simple representation adopted from McKay et al. (2013). This method
finds the geodesic distance between 100 equidistantly points along the fundus
and top ridge of the central sulcus. We first annotated the medial and lateral
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endpoints of the central sulcus. The endpoints were defined as the medial and
lateral intersection of the brain envelope and the central sulcus. This result
was checked for all subjects and manually corrected in 14 % of the sulci. The
next step was to define the sulcus fundus and top ridge. Candidate border
points were located by only considering vertices where associated faces had at
least one angle above 60◦ between adjacent face normals. Starting from the
medial endpoint the upper and lower borders of the central sulcus were found
by constraining a forward search along the candidate points towards the lateral
endpoint. The two curves were smoothed by a moving average using a kernel
size of 10 and re-parametrized into 100 equal spacing points. At each of the 100
locations, the geodesic was found along the mesh producing homologous left and
right depth profiles. The resulting depth profiles of the central sulcus started at
a medial position "1" near the inter-hemispheric fissure and ended at a lateral
position 100 on the lateral surface of the cerebral hemisphere.
The area of each central sulcus was obtained by summing the area of all faces.
Each triangular area was calculated as the cross product of the two sides in each
face divided by 2.
As for the kinematic analysis of circle drawing (ACCV ), we calculated a
lateralization index for the sulcal area ACAREA, sulcal depth profile at each of
the 100 positions for each central sulcus ACDEPTH1,2...,100 and the mean depth
ACMEAN DEPTH . Negative AC values indicate a leftward asymmetry with a
larger sulcal depth or area in the left hemisphere, whereas positive AC values
indicate a rightward asymmetry with a larger sulcal depth or area in the right
hemisphere.

Statistical analysis

Factor analysis

Factor analysis, a latent statistical data reduction technique, was used to de-
scribe the variance of the highly inter correlated 100 lateralization indices of
the depth along the central sulcus (ACDEPTH1,2,...,100). Factor analysis models
depths with a causal relationship into a lower number of uncorrelated variables
called factors. Factor analysis was chosen over other common data reduction
techniques, such as principal component analysis and independent component
analysis, because it provided a better anatomical interpretation of the results.
Factor analysis involved two steps. First, a number of factors were extracted,
which expressed the depths as linear combinations of the potential factors plus
an error term. The second step was a rotation that prompts the interpretation
of the factors by assigning depths load primarily to one factor. We used the
Varimax rotation criterion, because it maintains the groups uncorrelated and
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ensures an objective rotation [137]. The numbers of factors were chosen based
on Kaiser Criterion (1 ≥ λ).

Multiple regression analysis

Our hypothesis was that the left-right asymmetry in manual proficiency of flu-
ent circle drawing would predict a right-left asymmetry in sulcal depth in the
M1HAND region of the central sulcus. Specifically, we hypothesized that a
higher right-hand advantage in dexterity would be associated with a relatively
deeper central sulcus in the left as opposed to the right hand knob region of the
central sulcus. To test this hypothesis, we calculated the individual AC values
using depth factors located in the hand knob region of the central sulcus. Mul-
tiple linear regression was used to investigate whether the asymmetry in manual
proficiency of circle drawing, as indexed by the individual ACCV , would be pre-
dicted by the individual AC values of factors modeling the depth positioned in
the M1HAND region. Age, gender, the interaction of age and gender and the
area of the left and right hemisphere were included in the model to control for
their influence. Descriptive follow-up analyses included analogous multiple re-
gression models to test whether the individual AC values of all other positional
depth factors, as revealed by factor analysis, predict right-left asymmetry in
manual proficiency. We also tested the predictive value of individual depth po-
sition along the central sulcus. Further we tested the predictive value of ACCV

by the total sulcal area (ACAREA) and sulcal mean depth (ACMEAN DEPTH).
Like the main regression analysis, these follow-up analysis were corrected for
the influence of age, gender, interaction of age and gender and the area of each
hemisphere.

Additional analyses

The Pearson Correlation Coefficient was computed to test for linear relations
between the sulcal area, the mean sulcal depth and the right and left hemi-
spheres. We also performed separate two-tailed t-tests to test for a significant
right-left asymmetry in manual dexterity (ACCV ), total area (ACAREA) and
mean sulcal depth (ACMeanDEPTH).
All statistical analyses were done using SAS 9.4. Group data are given as mean
± SD if not stated otherwise. A p-value below 0.05 was considered significant.
Gaussian distribution was evaluated with the Shapiro-Wilk test.

An overview of the methods is seen in figure 8.2.
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Figure 8.2: An overview of the method used. High quality 3D MR image were
acquired (A). The central sulcus is segmented using BrainVisa (B).
Depth profiles are generated by the geodesic distance between 100
equidistantly points along the fundus and top ridge of the central
sulcus(C). The depths are modeled into causal sulcus subparts
using factor analysis (D).
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Results

Circle drawing

The right-handed typically-developing adolescents produced on average less vari-
able peak velocities with their right dominant hand than with the left non-
dominant hand. Mean ACCV was -16.76 % with a SD of 19.56 % and differed
significantly from zero (t=-6.12, p<0.0001), indicating a right-hand advantage
for regular circle drawing at the group level. Although all participants consis-
tently used their right hand for every day manual activities, the relative right-
hand advantage for fluent circle drawing varied considerably across participants,
ranging from -49.57 % to 31.06 % .
Some subjects showed no clear difference in CV of peak velocity between the
right and left hand or even a slight left-hand advantage, whereas others showed
a clear right-hand advantage. The variability of the velocity profile during cir-
cle drawing gradually decraesed with age. This age effect was seen for both the
right dominant hand (t=19.94, p<0.001) and left non-dominant hand (t=16.85,
p<0.001) and the lateralization index ACCV (t=-5.92, p<0.001), but this age
effect was no longer significant when the statistical model corrected for gender
and area of the left and right hemisphere.

Sulcal area and depth profile

The area of left central sulcus was 1397.92 ± 171.66 mm2 and the area of right
1364.06 ± 56.83 mm2. This right-left difference in area did not reach significance
(t= −1.7, p= 0.096), but multiple regression showed a trend towards a linear
relation between the asymmetry of manual dexterity, as indexed by ACCV , and
right-left asymmetry in sulcal area, as indexed by (ACAREA) (R2 = 0.48,
t=-1.90, p=0.065). There was no main effect or interaction effect of gender and
age (p=0.23).
Mean depth of the left central sulcus was 13.70 ± 1.81 mm, and mean depth of
the right central sulcus 13.47 ± 1.04 mm. The asymmetry between the mean
depth of the left and right central sulcus was significant with a deeper central
sulcus in the left dominant hemisphere (t=-2.2, p=0.032). Yet the asymmetry
in mean sulcal depth, as reflected by ACMEAN DEPTH , was not significantly
related to the right-left asymmetry in proficiency of circle drawing as indexed
by ACCV (R2=0.46, t=-1.28, p=0.209). The prediction of the laterality index
ACCV , by ACAREA and ACMEAN DEPTH is summarized in Table 8.1.
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ACArea ACMeandepth

R
2

0.48 0.46
Age t=0.8 t=-0.22

p=0.940 p=0.825
Gender t=0.12 t=-0.08

p=0.235 p=0.934
Interaction age and gender t=-0.11 t=0.10

p=0.909 p=0.922
Area right hemisphere t=1.03 t=1.07

p=0.307 p=0.292
Area left hemisphere t=-1.08 t=-1.0

p=0.284 p=0.321
ACcv t=-1.90 t=-1.28

p=0.065 p=0.209

Table 8.1: Manual dexterity index ACCV related to the laterality index of
the sulcal area (ACAREA) and laterality index of the mean depth
(ACMEAN DEPTH).

Factor analysis

Factor analysis revealed 11 factors, which explained 95.6 % of the total variance
of asymmetry of the 100 positional depths along the central sulcus
(ACDEPTH1,2,...,100). Eight factors modeled the variance in sulcal depth asym-
metry along the entire central sulcus (Factors 1, 2, 3, 5, 6, 8, 10 and 11, labeled
in white in Figure 8.3).

The variance explained by each of these factors ranged from 6-17 % of the total
variance. Factors 5 and 6 were positioned in the M1HAND and were therefore
used as explanatory variables in our primary analysis to link asymmetry in the
depth profile of the M1HAND to asymmetry in manual proficiency.
Three factors explained only 7 % of the total variance (range: 1-3 %) and
spatially overlapped with other factors. They were located between position 32
to 36, 49 to 59, and 79 to 85 (Factors 4, 7, and 9; in grey in Figure 8.3.
Multiple regression showed that factor 5 significantly predicted the right-left
asymmetry in manual proficiency after accounting for the contribution of age,
gender and area of the hemispheres (R2 =0.48, t =-2.05, p =0.046). No age or
gender effects or interaction between age and gender were found. The deeper
the left central sulcus relative to the right central sulcus at sulcal positions
in factor 5 (i.e., position 34 to 49), the more the subjects showed right-hand
advantage in fluent circle drawing. The same relationship was also found for
ACDEPTH1,2,...,100 modeled by factor 6 ranging from position 49 to 65 (R2 =
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Figure 8.3: The 11 factors found by the factor analysis. The percentage of
variation explained by a factor each factor is given in percent. The
factors in gray show the least variance (totally 7 %) and spatially
overlap the other factors

0.048, t =-2.02, p =0.0492). Again no age, gender or interaction between the
two was found. The results of the multiple regression testing for a linear relation
between the asymmetry of the depth of M1Hand modeled by factors 5 and 6 to
the manual dexterity index (ACCV ) are listed in Table 8.2.

Relationship of all other factors outside M1-HAND

Overall, the first three factors (from position 1 to 34) show a rightward asymme-
try in the depths and the last eight factors (from position 35 to 100) a leftward
asymmetry. None of the factors outside the M1(HAND) predicted asymmetry
in manual dexterity. A significant age effect was seen for all factors, showing
negative t-values . No significant gender or interaction between age and gender
effects were found in any of the regions of sulcal depths modeled by the factors
.
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Factor (position on depth profile) Factor 5 Factor 6 )
(position on depth profile) (34-49) (49-65)
R

2
0.48 0.48

Age t=-0.23 t=-0.56
p=0.82 p=0.58

Gender t=-0.25 t=0.52
p=0.905 p=0.61

Interaction age and gender t=0.18 t=0.48
p=0.86 p=0.64

Area right hemisphere t=1.47 t=1.35
p=0.15 p=0.19

Area left hemisphere t=-1.42 t=-1.13
p=0.16 p=0.26

ACcv t=-2.02 t=-2.05
p=0.049 p=0.046

Table 8.2: Results of multiple regression analysis testing factor 5 and 6. The
t and p value are stated for age, gender, age and gender, the area
of the two hemispheres and the manual dexterity measure.

Discussion

Here we used factor analysis as data-driven analytical approach to test for a
relationship between the depth of the central sulcus and manual dexterity in
consistently right-handed children and adolescents. Factor analysis revealed 11
factors of which two were spatially expressed in the "hand knob" region of the
M1. Only these two factors significantly predicted the right-left asymmetry in
manual proficiency during a circle-drawing task. The deeper the left relative to
the right central sulcus in M1-HAND, the stronger was the right-hand advantage
in drawing performance. This effect was not related to age, gender, or the total
cortical surface of the cerebral hemispheres. They also could not be explained
by differences in preferred hand use because all participants were consistent
right-handers. The results indicate that manual proficiency is associated with
increased cortical folding, resulting in a deeper sulcus in the more proficient
hemisphere.
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Right-left asymmetry in circle drawing

In most participants, fluent circle drawing movements were more regular when
circles were drawn with the right hand. This right-hand advantage for regular
circle drawing is not surprising, given the fact that all participants were consis-
tent right-handers. However, at the individual level, the right-hand advantage
for circle drawing varied substantially across subjects. This finding indicates
that the individual expression of manual dexterity could not be exclusively be
explained by preferred hand use. Together, our behavioral data confirm previ-
ous studies that the degree of hand preference (i.e., the preference to use the
right or left hand to perform manual dexterity tasks) and hand dominance (i.e.
the hand showing best motor performance) may dissociate at the individual
level and therefore need to be distinguished in studies on human motor control
[44]. In our study, we minimized possible influences of handedness, because we
only studied participants with a strong preference for using the right hand for
dexterity tasks.

Left-right asymmetry in sulcal area and depth

To pinpoint a relation between the depth profile of the central sulcus and man-
ual dexterity, we used a factor analysis, which assigned sulcal depth values to
uncorrelated groups. This data-driven approach identified two "sulcus depth"
factors, which were positioned in the M1HAND. The right-left asymmetry of
these M1HAND factors predicted right-left asymmetry in circle drawing skill.
The other factors represented the sulcus depth outside M1HAND and were un-
related to the asymmetry in manual dexterity. The right-left asymmetry of
mean sulcus depth also failed to explain right-left asymmetry in manual dex-
terity. Together, the results link differences in the depth of the central sulcus
to the individual expression of manual dominance, but this structure-function
relationship is somatotopically specific, as it is only expressed in the portion of
the central sulcus that corresponds to the M1-HAND.

Cykowski et al. (2007) showed a deeper central sulcus in the left dominant hemi-
sphere in adult right-handed individuals. Our study in healthy right-handed
individuals significantly extends the work by Cykowski et al. (2007) showing
that sulcus depth of M1-HAND also reflects manual proficiency in addition to
hand preference. Cykowski et al. (2007) found gender differences in the spatial
expression of the relationship between depth asymmetry and handedness in the
central sulcus. The two "sulcus depth" factors corresponding to the M1-HAND
were predominantly positioned medially and laterally in the hand area. For
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both, the medial and lateral factor, the right-left asymmetry in sulcal depth
predicted right-left asymmetry in manual proficiency, but this relationship was
not influenced by the gender of participants. This negative finding does, how-
ever, not exclude a subtle gender effect in adult participants or in a larger cohort
of children and adolescents.

Right-left asymmetry of the central sulcus

In healthy right-handed children and adolescents, we found that the dominant
left central sulcus was deeper than the non-dominant right central sulcus. A
weak trend towards a left-hemispheric asymmetry was also found for a larger
surface area of the central sulcus in the dominant left hemisphere. Our findings
are consistent with previous studies in adult right- and left-handers, showing a
larger surface area of the central sulcus in the dominant hemisphere contralateral
to the preferred hand [6, 63, 80, 147, 63]. We conclude that an overall increase
in mean sulcus depth of the left dominant hemisphere is already present in
right-handers during late childhood and adolescence, but does not scale with
the relative right-hand advantage in dexterity. Of note, adult "converted" left-
handers, who had been forced as children to become dextral writers, show a
reversal of the interhemispheric asymmetry in the surface area of the central
sulcus. The attempt to convert left-handers resulted in a larger surface of the
central sulcus in their left, nondominant hemisphere [146]. This finding is in
agreement with the present results, suggesting that sulcal surface covering the
M1-HAND increases as a function of the level of acquired dexterous manual
skills in the contralateral hand.

Limitations

The study has several limitations. One limitation is the lack of left-handed
subjects in this study. It has previously been reported that in left-handers, the
central sulcus of the dominant right hemisphere is deeper than the central sulcus
in the left non-dominant hemisphere [5] but asymmetry in sulcal depth is less
pronounced compared to right-handers [5] Future studies must clarify whether
consistent left-handers show a similar relationship between right-left asymmetry
in sulcus depth and dexterity than consistent right-handers. Another limitation
is that this study is cross-sectional. This might explain why we did not detect
any significant effect of age on the asymmetry in sulcal depth. A longitudinal
study removes the inter-subject variability and therefore might be more sensitive
to reveal age-effects on the right-left asymmetry of sulcal surface and has the
potential to reveal individual developmental trajectories.
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Abstract

The olfactory bulb conveys the perceptual qualities of odorants to the medial
orbitofrontal cortex (mOFC) via the piriform cortex. Anatomically the olfac-
tory bulb and tract is situated in within the olfactory sulci within the mOFC.
This intimate coupling is evidenced by individuals who suffer from congenital
olfactory impairment demonstrate olfactory bulb atrophy as well as reduced
depth of the olfactory sulci. It is unclear, however, whether specific subareas
along the olfactory sulci are affected by lifelong atrophy of the olfactory bulb.
To address this question, we examined fifteen adults with isolated congenital ol-
factory impairment (COI) matched with sixteen normosmic controls. Magnetic
resonance imaging (MRI) was acquired in all subjects to assess the volume of
the olfactory bulb and the depth along the entire olfactory sulci. The olfactory
sulci were co-registered between all subjects and factor analysis was performed
to identify subareas along the olfactory sulci within the mOFC. Relative to
controls, individuals with COI showed reduced depth along the olfactory sulci
most prominently in posterior and middle subareas. Specifically, atrophy of the
olfactory bulb in the COI group showed a stronger positive relationship with
factors loadings in posterior subareas of the bilateral olfactory sulcus compared
to olfactory bulb volume in controls. Our results suggest that lifelong atrophy
of the olfactory bulb preferentially induce structural reorganization in subareas
within the posterior mOFC roughly corresponding to the agranular and dys-
granular layers connected with the olfactory system as previously demonstrated
in monkeys.

Introduction

It is well established that the medial orbitofrontal cortex (mOFC) is a key neo-
cortical target for olfactory inputs conveyed through the olfactory nerve via the
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piriform cortex [42, 192]. While the integrity of the olfactory bulb is critical
for encoding perceptual qualities of odorants, higher-order appraisal of odours
are represented in the mOFC [163, 222]. The application of magnetic resonance
imaging (MRI) has provided compelling evidence that link olfactory proficiency
with structural variation in the mOFC. Smell ability in healthy individuals ex-
hibits a positive association with grey matter volume or thickness along the
olfactory sulci [66, 84]. Furthermore, depth measurements of the olfactory sulci,
measured in a single plane posterior to the eyeballs, is proportionate with smell
ability in healthy individuals [123] and in subjects with acquired smell deficits
[124]. The close link between the human functional sense of smell and the mOFC
is perhaps most clearly evidenced by observations that relative to normosmic
controls, individuals suffering from congenital olfactory impairment have at-
rophic olfactory bulb [1, 83] together with substantially smaller olfactory sulci
[1] and thicker cortex in mOFC [83]. Consistent with these prior findings, we re-
cently showed that subjects with isolated congenital olfactory impairment (COI)
had atrophic olfactory bulbs and reduced area of the olfactory sulci [138] (please
see supplementary material).
While the empirical data clearly demonstrate a connection between the human
functional sense of smell and grey matter along the olfactory sulci and adjacent
gyri, namely gyrus rectus and medial orbital gyrus, it remains unknown whether
depth measures in specific subareas along the olfactory sulci are modulated by
the integrity of the olfactory bulb. Because volume of the olfactory bulb shows
a proportional relationship with smell ability in normosmic individuals [37] and
in subjects who suffer from acquired olfactory loss due to various medical con-
ditions [124], we speculated that inter-individual variations in olfactory bulb
volume was closely associated with the depth of the olfactory sulci. Hence, we
hypothesized that congenital atrophy of the olfactory bulb in COI participants
would reveal a differential relationship with depth reductions of the olfactory
sulci relative to olfactory bulb integrity in controls. To address this question, we
used structural MRI to obtain depth measurements along the entire olfactory
sulci in a unique group of relatives from the Faroe Islands with isolated COI
who were otherwise healthy. The population of the Faroe Islands is descendent
from a small number of settlers in the 800s, and since then the population has
expanded without severe bottlenecks or immigration, which has contributed to
a relatively high prevalence of rare conditions caused by genetic founder ef-
fects [115, 201, 238]. We applied factor analysis to examine, whether subareas
along the olfactory sulci differed between individuals with COI and normosmic
controls. Moreover, interaction analyses was used to estimate if the localized
reductions in olfactory sulcal depth were differently associated with olfactory
bulb volume in COI individuals relative to normosmic controls.
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Methods

Participants

The present study included 15 COI individuals (12 familial cases clustering in
four subfamilies and 3 distantly related cases) and 16 matched healthy nor-
mosmic controls (six familial with the COI group and 10 non-familial). The
family were originally described by Lygonis in 1969 [171]. Additional family
members were recruited through local advertisement. Voxel-based morphomet-
ric (VBM) analyses of regional grey matter volume differences across the whole
brain have previously been reported for the COI family compared to the con-
trols. A thorough description on recruitment, screening and exclusion proce-
dures as well as group assignment is described thoroughly in that study [138].
Shortly, all participants were interviewed concerning their olfactory ability and
subjects were ascribed to the COI group only if they reported to suffer from life-
long smell impairment with no apparent underlying condition. Olfactory ability
was assessed with the standardized TDI "Sniffin’ Sticks" test (Burhart, Wedel,
Germany) [122]. Anosmia was defined according to a TDI score below 16.5
[122, 148], and hyposmia was defined according to normative data adjusting for
age and sex (Hummel et al., 2007). Ten COI subjects had anosmia while five
COI subjects had hyposmia. All controls were normosmic.
The study took place at the Danish Centre for Magnetic Resonance (DRCMR),
Denmark. All subjects, except for one control were right-handed assessed by
the Edinburgh handedness Inventory. The groups were matched on age, sex,
cognitive ability measured with the Danish version of the Montreal Cognitive
Assessment test (MoCA) [195], years of education and number of smokers (Table
1.1). We have previously shown that COI participants and controls did not differ
in taste detection sensitivity, vision and hearing ability [138]. All participants
received thorough written and oral information concerning the study procedures
and aims. Written consent was obtained before study initiation. The study was
approved by the National Scientific Ethics Committee (H-A-2009-063) and the
Faroese Scientific Ethical Committee (200812) and followed the Declaration of
Helsinki.

Image acquisition and evaluation

All subjects were scanned using a 3T Siemens Magnetom Verio MR scanner
(Siemens, Erlangen, Germany) with a 32-channel head coil (Invivo, FL, USA).
For definition of the olfactory bulb and olfactory sulci we used a 2D T2-weighted
sequence with high in-plane resolution acquired of the frontal cortex and the ol-
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COI (n = 15) Controls (n = 16)
Demographics

Age in years 48.3 ± 14.3 47.2 ± 16.1
Sex (male/female) 5/10 7/9
Smokers/non-smokers 7/8 6/10
MoCA score 27.1 ± 2.5 27.3 ± 2.5
Years of education 11.3 ± 3.4 12.5 ± 2.7

Olfactory ability
Sniffin’ Sticks (TDI) score 14.8 ± 4.8 31.6 ± 4.8

Brain measures
Whole brain volume (mm3) 1194 ± 135 1220 ± 100
Prefrontal length (mm) 64.4 (60.9, 64.7) 62.2 (60.3, 63.5)
Prefrontal height (mm) 68.6 (66.0, 71.2) 70.2 (67.7, 70.9)
Left olfactory sulcus area (mm2) 120.4 ± 46.0 159.1 ± 23.9
Right olfactory sulcus area (mm2) 134.1 ± 41.6 167.0 ± 28.8
Left olfactory bulb volume (mm3) 4.0 (0.0, 11.5) 19.3 (12.5, 25.4)
Right olfactory bulb volume (mm3) 0.0 (0.0, 12.5) 19.9 (12.3, 26.7)

Table 9.1: Normally distributed variables are presented as mean ± standard
deviation and non-normally distributed variables, as tested with
the Shapiro-Wilk test, are presented with medians and lower and
upper quartiles. MoCA = Montreal Cognitive Assessment test.

factory bulb (TR= 6180 ms, TE= 79 ms, matrix=512x420, FoV=230x230, 49
coronal slices, 0.45x0.45 mm2 pixels, 2 mm slice thickness with 10 % gap be-
tween slices).
In the present study we combined the total grey matter and white matter volume
for each subject as a measure of whole brain volume extracted from a previously
published VBM analysis of a whole-brain T1-weighted image [138]. Group data
for whole brain volume are presented in table 1. Furthermore, a T2-weighted im-
age and a FLAIR image were acquired of the whole brain for clinical evaluation
of the nasal cavities and sinuses. Sequence specifications for the T1-weighted
image, T2-weighted image and the FLAIR image, VBM analysis and clinical
image evaluations have been described in detail elsewhere [138].

Olfactory bulb volume measurement

The olfactory bulb were defined according to established anatomical criteria [35],
and were manually segmented on the 2D T2-weighted images in native space us-
ing software from Xinapse Systems version 6.0 (www.xinapse.com/home.php),
described in detail elsewhere [138] (please see Supplementary material). Olfac-
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tory bulb volumes are displayed in table 1.

Demarcation of the olfactory sulci in native space

The olfactory sulci were defined bilaterally using The Human Brain Atlas as
guidance [70]. Shortly, the shape of each sulcus was defined by annotated points
using a piece-wise linear curve, drawn from the midpoint between the apex of the
gyrus rectus to the apex of the medial orbital gyrus to the fundus. The anterior
border of the olfactory sulcus was defined when a division of the lateral and
medial banks was observed while the posterior border of the olfactory sulcus was
delineated by the olfactory trigone. The demarcation of the olfactory sulci are
described in further detail elsewhere [138] (please see Supplementary material).
The length and height of the prefrontal cortex (PFC) was drawn manually from
the subjects’ non-anonymized image by a single rater. The PFC length was
defined as the distance from the anterior commissure to the anterior border
of the PFC following the intercommissural (AC-PC) line. The height of the
prefrontal cortex was defined placing a line in a 90-degree angle on the AC-PC
line, and taking the distance from the anterior commissure to the dorsal border
of prefrontal cortex. The total area of the olfactory sulci and PFC measures are
displayed in table 1.

Between-subject co-registration of the olfactory sulci

The statistical analysis of the olfactory sulci depth measures was performed
using SAS 9.4 software (http://support.sas.com/software/94), and the transfor-
mations were calculated with matlab software. To accomplish a between-subject
correspondence that could adequately account for inter-individual variations in
the depth profile of the olfactory sulci across the COI and controls, a series of
preprocessing procedures were performed. First, the depth of the olfactory sulci
was calculated as the sum of the Euclidian distance between each of the anno-
tated points for each coronal slice. As the posterior border was defined at the
olfactory trigone in all subjects, we aligned all subjects’ left and right olfactory
sulcus, respectively, according to the most posterior slice (see Figure 9.1). Next,
to account for the between-subject variability in the size of the prefrontal cortex,
we scaled the olfactory sulci for each subject with the individual measurements
of the length and height of prefrontal cortex. This rescaling resulted in the
loss of a point-wise correspondence between the subjects’ slices. To reestablish
the point-wise correspondence, the depth profiles were reparametrized by first
interpolating a cubic spline to the sulci depth profiles followed by resampling.
To avoid subsampling the original slices, sampling of the depth profiles were
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performed across twenty-two points along the olfactory sulci as this number
corresponded to the maximum number of slices used to define the right olfac-
tory sulcus in a control subject.

Figure 9.1: Mean and 95 % confidence interval of the depth profiles for the
left and right olfactory sulci, respectively, for the COI group and
controls. Depth and length of the olfactory sulci are displayed in
millimeters (mm). The most posterior slice is X-axis = 0. P =
posterior. A = anterior.

Estimation of olfactory sulci subareas using factor analysis

To identify anatomical subareas along the olfactory sulci, we assumed that the
highly correlated depth measurements along the olfactory sulci were linked to
underlying causative factors. Therefore, we used factor analysis, a multivari-
ate aproach, that models the olfactory sulci depth measures as latent variables
assumed to share a causal relationship. Factor analysis identifies anatomical
clusters of the intercorrelated depths in terms of a lower number of uncorrelated
unobserved variables called factors. Factor analysis includes a factor extraction
followed by factor rotation. The factors are modelled as linear combinations of
the potential factors plus an error terms. We extracted the factors as principal
components. The rotation of each observation prompts the interpretation of the
factors, since it forces the clusters of depths to load primarily on to a single fac-
tor. We used the Varimax rotation criterion [137] to obtain orthogonal rotation
of the factors to ensure that the estimated depth factors of the olfactory sulci
were uncorrelated. We applied the Kaiser Criterion [137] to restrict the number
of factors, which yielded four factors for each olfactory sulcus (Figure 9.2).



72
Congenital atrophy of the olfactory bulb is coupled to changes in the depth

of the posterior olfactory sulci revealed by factor analysis

Figure 9.2: Extracted factors for the left and the right olfactory sulci, respec-
tively, estimated from the depth profiles in all participants. The
number of factors was based on the Kaiser Criterion [137] and re-
sulted in four extracted factors for each of the olfactory sulci. The
model variance explained by each factor is shown in parentheses.
The factor loading values are coded in warm colors across the 22
sampling points along the left and right olfactory sulci, respec-
tively, and overlaid on the largest olfactory sulcus for illustrative
purposes. P = posterior. A = anterior.
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Statistical analysis

Statistical analyses were done using SPSS20. A p-value below 0.05 was consid-
ered significant. Group differences in age, years of education and MoCa score
were tested with two-tailed t-tests as neither age, years of education or the MoCa
score were significantly non-normally distributed using the Shapiro-Wilk test.
The Chi square test was used to test for sex differences between groups. Group
differences in brain measures were tested with multiple linear regression models.
Models testing for group differences in PFC length, PFC height or whole brain
volume were corrected for age and sex.
First, we tested if COI participants and controls differed in each of the four fac-
tors for the left and right olfactory sulci, respectively. Models testing for group
differences in each of the factors were corrected for age, sex and whole brain
volume. Because the co-registration of the olfactory sulci depth measurements,
used for factor analysis, was scaled according to PFC length and PFC height,
we did not correct for neither of these variables in the regression models.
To examine whether atrophy of the olfactory bulb in COI individuals showed
distinct relationships with subareas across the olfactory sulci relative to olfac-
tory bulb volume in normosmic controls, we performed interaction analyses for
the left olfactory bulb by group and the right olfactory bulb by group, respec-
tively, for each of the olfactory sulci factors, correcting for age, sex and whole
brain volume.

Results

COI and controls were matched for age (t= 0.38; p= 0.71), sex (χ2 = 0.25; p=
0.62), years of education (t= −1.38; p= 0.18), number of smokers (χ2 = 0.27;
p= 0.61) and cognitive ability measured with the MoCA (t= −2.25; p= 0.82).
The COI group and controls did not differ in PFC length (t= −0.521; p=0.61),
PFC height (t= 1.700; p= 0.1), or whole brain volume (t= 0.47; p=0.64).

Group differences in the olfactory sulci subareas

Multiple linear regression analyses for each of the olfactory sulci factors con-
firmed that COI participants and controls differed significantly in the bilateral
posterior subareas (left 1st factor: t= 2.904; p= 0.007, figure 9.3A; right 1st
factor: t= 3.014; p= 0.006, figure 9.3B) and the bilateral middle subareas ex-
tending into the anterior mOFC (left 2nd factor: t=2.507; p= 0.019, figure
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Figure 9.3: Extracted factors for the left and the right olfactory sulci, respec-
tively, estimated from the depth profiles in all participants. The
number of factors was based on the Kaiser Criterion ( 1) and re-
sulted in four extracted factors for each of the olfactory sulci. The
model variance explained by each factor is shown in parentheses.
The factor loading values are coded in warm colors across the 22
sampling points along the left and right olfactory sulci, respec-
tively, and overlaid on the largest olfactory sulcus for illustrative
purposes. P = posterior. A = anterior.

9.3C; right 2nd factor: t=3.062; p=0.005, figure 9.3D) with no significant group
differences for the additional factors (t≤ 1.406; p≥ 0.17).

Interaction analyses

Interaction analyses showed that relative to left olfactory bulb volume in con-
trols, the volume of the left-sided olfactory bulb in COI individuals showed a
positive association with subareas in the bilateral posterior olfactory sulci (left
1st factor: t= −2.445; p= 0.022, figure 9.4A; left 4th factor: t=−3.928; p=0.001,
figure 9.4C; right 1st factor: t=−3.036; p= 0.006, figure 9.4E) with a trend for
the right 4th factor (t=−1.751; p= 0.093, not shown), whereas the remaining
factors showed no significant interactions (t≤ ±0.192, p≥ 0.25). Similar results
were obtained for the interaction analyses with the right olfactory bulb. Com-
pared to inter-individual variations in the volume of the right olfactory bulb
in controls, volume of the right olfactory bulb in the COI subjects showed a



75

more positive association with subareas in the bilateral posterior olfactory sulci
(left 4th factor: t=−2.839; p = 0.009, figure 9.4D; right 1st factor: t=−2.237;
p= 0.035, figure 9.4F) with a trend for the left 1st factor (t= −1.937; p= 0.065,
figure 9.4B). No significant interactions were found for the remaining factors
(t ≤ ±1.120, p≥ 0.27).

Figure 9.4: Extracted factors for the left and the right olfactory sulci, respec-
tively, estimated from the depth profiles in all participants. The
number of factors was based on the Kaiser Criterion ( 1) and re-
sulted in four extracted factors for each of the olfactory sulci. The
model variance explained by each factor is shown in parentheses.
The factor loading values are coded in warm colors across the 22
sampling points along the left and right olfactory sulci, respec-
tively, and overlaid on the largest olfactory sulcus for illustrative
purposes. P = posterior. A = anterior.



76
Congenital atrophy of the olfactory bulb is coupled to changes in the depth

of the posterior olfactory sulci revealed by factor analysis

Discussion

In a unique cohort from the Faroe Islands who suffered from isolated congenital
olfactory impairment (COI) and a matched normosmic control group, we exam-
ined whether lifelong atrophy of the olfactory bulb was associated with regional
depth reductions along the olfactory sulci. Because we applied factor analysis to
the depth measurements along the entire left and right olfactory sulci, we were
able to identify subareas within posterior, middle and anterior mOFC. Previous
studies reported that individuals suffering from COI due to various conditions
had a substantial reduction in the depth of the olfactory sulci measured in a
single plane behind the eyes [1, 121]. Our results corroborate and extend these
earlier findings. We provide novel evidence that reduced depth of the bilateral
olfactory sulci in COI subjects is most prominent in posterior and middle subar-
eas of the mOFC. Importantly, the olfactory bulb in COI individuals showed a
preferential positive relationship with assumed depth reductions in mOFC sub-
areas, specifically in the posterior olfactory sulci, which appeared less consistent
for olfactory bulb volume in normosmic controls.
MRI studies have established that the human functional sense of smell is closely
linked to integrity of the mOFC, yet it remains unclear whether a definite
anterior-posterior gradient is evident along the human olfactory sulcus. While
expert perfumers, relative to controls, had increased volume in the more pos-
terior segments of bilateral mOFC [66]), healthy normosmic participants were
reported to show positive associations between smell ability and cortical thick-
ness along the middle right olfactory sulcus [84], as well as grey matter vol-
ume in lateral areas of right mOFC [242]. Functional MRI (fMRI) studies in
healthy normosmic participants have also provided support that the dynamic
recruitment of the mOFC is essential for higher-order olfaction as activation
foci across the entire surface of the mOFC [29, 29, 94, 119] including the pos-
terior mOFC [7, 163] have been observed during appraisal of odours. Recently,
an interventional fMRI study showed that temporary olfactory deprivation in
healthy normosmic adults disrupted brain activity in the mOFC including the
right posterior mOFC when subjects performed associative encoding of odour
quality [286]. Although it is currently unknown which subareas in the human
mOFC are targeted by projections from the olfactory system, our findings are
compatible with neuroanatomical discoveries in monkeys that orbital neurons
implicated in higher-order appraisal of odour are primarily distributed across
the posterior surface of the orbitofrontal cortex [225, 226]. Furthermore, the
olfactory bulb mainly project to the ipsilateral posterior mOFC via the piriform
cortex [42], and projections from the olfactory system terminate predominantly
in the agranular and to a lesser extent the dysgranular layers of the posterior
mOFC [17]. Hence, the present study indicates that lifelong olfactory depriva-
tion in humans may induce the most profound changes in the agranular and
dysgranular subareas along the posterior olfactory sulci and the adjacent gyri.
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Converging evidence suggest that the cellular organization of the mOFC, guided
by major maturational events, takes place well before adulthood and even child-
hood. The olfactory sulci emerge at an early gestational age as the gyrus rectus
and the medial orbital gyrus begin to convolve [45], and cortical thinning of
the posterior mOFC appear to show a characteristic linear thinning already
present in preschool children unlike most regions of the cerebral cortex, which
do not peak in density until later in childhood or adolescence [243]. There-
fore, it appears probable that functional disruption of odor inputs to posterior
mOFC, due to congenital atrophy of the olfactory bulb, may trigger substantial
changes in the cellular organization along the olfactory sulci. This hypothesis is
further substantiated by consistent observations that COI individuals have re-
duced olfactory sulcal depth [1, 121] whereas subjects who suffer from olfactory
impairment acquired later in life appear to show no significant reductions of the
olfactory sulci [227].

Method limitations

The present study has several limitations. First, the cross-sectional study design
and the fact that we scanned the matured cortex in adult individuals prevented
insights into the altered dynamics of mOFC development. Second, due to the use
of linear general models for statistical analysis, non-linear relationships between
olfactory sulci measures and olfactory bulb volume might have been overlooked.
Moreover, we did not identify a causative genetic mutation in the COI group,
which might have enabled a more specific separation of cases and controls.

Conclusion

In conclusion, our findings suggest that congenital atrophy of the olfactory bulb
in otherwise healthy individuals induces structural reorganization in subareas
within the posterior mOFC along the olfactory sulci, a region of the mOFC,
which contains agranular and dysgranular layers connected with the olfactory
system.
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Supplementary material

Manual segmentation of the olfactory bulbi and olfactory
sulci

The olfactory bulbi and olfactory sulci were manually segmented on the 2D T2-
weighted images in native space using software from Xinapse Systems version
6.0. The olfactory bulbi were defined according to established anatomical crite-
ria [35]. Images were interpolated using a bi-linear algorithm. Two trained raters
(H.K. and M.V.) blinded to clinical status, independently performed the manual
segmentation of the olfactory bulbi and olfactory sulci. To calculate intra-rater
reliability measures each subject’s 2D T2-weighted images were duplicated and
left-right flipped to create additional images. Intra-class correlation coefficients
(ICC), calculated as a two-way mixed model with measures of absolute agree-
ment, showed that reproducibility of the bulbs was high with a mean intra-rater
reliability of 0.93 (range: 0.92− 0.95) and a mean inter-rater reliability of 0.87
(range: 0.85− 0.88).
The planimetric measurements of the olfactory bulbs were multiplied by 2.2 (2
mm slice thickness with 10 % gap) in order to obtain bulb volumes in mm3.
The values were comparable with previous published measures of olfactory bulb
volumes [36]. The median value from the four volume measures obtained for
each left and right-sided olfactory bulb, respectively, was used as outcome vari-
able to account for possible outliers. The olfactory sulci were defined bilaterally
using The Human Brain Atlas as guidance [70]. Initially, a tangent was drawn
from the apex of the gyrus rectus to the apex of the medial orbital gyrus, and
the midpoint between the gyrus rectus to the medial orbital gyrus was used to
demarcate the inferior border of the olfactory sulcus. Following the shape of the
sulcus, a piece-wise linear curve, connected by annotated points was drawn from
the border of the inferior olfactory sulcus to the fundus. The anterior border
of the olfactory sulcus was defined when a division of the lateral and medial
banks was observed. The posterior border of the olfactory sulcus was delineated
by the olfactory trigone observed on the coronal image as a small protrusion of
grey matter.
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Group differences in olfactory bulbi volume and sulci depth
and subareas

Multiple regression models tested for group differences in volume of the left and
right olfactory bulbi, respectively, were corrected for age, sex and whole brain
volume. Models testing for group differences in the total area of the left and
right olfactory sulci, respectively, were corrected for age, sex, whole brain volume
and PFC length, to further ensure that group differences were not accounted
for by variations in PFC length.
As reported elsewhere [138], relative to normosmic controls, the COI group
had reduced volume of the olfactory bulbi (left: t = 5.179; p < 0.0001; right:
t = 5.490, p < 0.0001) and the total area of the olfactory sulci (left: t = 3.295;
p = 0.003; right: t = 3.116, p = 0.005).
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Abstact

The maturation of the human brain is ever changing caused by an interaction
of genetic and environmental factors. A large variation in the cortical folding
is evident. This folding is known to decrease and after the first year in life,
however relatively little is still known about the developmental changes in the
folding of the cortical surface.
In this longitudinal study we investigate the maturation of Central Sulcus (CS),
a major fold on the lateral surface of the brain, that separate the primary motor
areas from the somatosensory areas. 51 participants aged 8 to 17 years were
assessed using high resolution structural magnetic resonance imaging (MRI) in
8.9 times on average, resulting in a total of 454 MR images. Linear mixed
models were used to investigate age and gender effects on CS surface area and
depth. Thin plate spline registration aligned all segmented sulci and the three
dimensional positional variations were studied.
Left CS area were significantly reduced with age, but only a trend was found
for the right CS surface area. Moreover, females showed a significantly bilateral
decrease in the sulcal area, not seen in males. We found no age or gender effects
in the depth along the CS in time. The average positional movement from the
first scan to the last is primary related to the sulci extremities. The left CS were
subjected to a significant larger average positional movement than the right CS.
The movement in the medial part of CS is larger than the one in the lateral.
The positional movement is not constant from one year to another.

Introduction

The CS is a distinct anatomical landmark on the lateral surface of both cerebral
hemispheres that separates the frontal and parietal lobes. The rostral bank of
the CS contains the primary motor areas and the caudal bank the primary so-
matosensory areas [280, 293]. The motor and sensory cortices along the banks
of the CS are somatotopically organized according a ”homunculus” with repre-
sentations of the lower part and trunk of the body in the medial superior, the
arm, hand, and fingers in the middle, and the face, mouth, and tongue in the
inferior part of the sulcus [204, 203].
Studies of the CS are not straight forward, since the superficial appearance of
the cortex varies greatly both between and within subjects [199, 280]. The inter
subject variability in the folding of the cortex and hence sulci, are a result of
an interaction of both environmental and genetic factors factors [166, 205, 16].
A meta study (n=1422) has estimated the genetic variation to account for an
individual variation in brain volume in 82.8 % (71.6, 94) of the subjects. The
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heritability for the volume of the cerebral cortex is seen in 85.5 % (74.9- 92.2)
of subjects (n=748) [25]. The cortical folding is less influenced by the genetics
than the brain volume, with a significantly heritable observed in 30 % of indi-
viduals. [223]. This heritability in the cortical folding is largely reflected in the
average depth of CS, with a 56 % heritability.
The genetics explain the majority of the variation in sulci, however environmen-
tal effects, such as prolonged learning or specific training, are well documented to
have an effect on the structural changes in the brain [239, 127, 99]. As an exam-
ple alterations in the neural connectivity is seen as a results of long-term motor
skill training in musicians [160]. The training results in a significantly greater
local variability in the middle section of CS in musicians than in non-musicians.
([160]. This variability was negative correlated with the age of commencement
of musical training, meaning that earlier training induce more variability in the
trained region. Another example is left-handers forced to write with their right
hand as child. These left-handers displayed an asymmetry in the area of CS
typical for right-handers. However the handedness-specific location, known as
the ”hand knob”, remained at the dorsal location typical for left handers [260].
These results show how genetic and environmental factors affects the brain in
different ways depending on the timing [45, 26, 254, 257, 166]. A larger heritabil-
ity is seen in the deeper and earlier developed sulci than in the more superficial.
The more superficial sulci are mainly developed after birth, and appear to be
more affected by environmental influences [166]. The CS is formed as the fourth
sulci in the 18th week of gestational [196, 3], which has prompt several stable
features.
The functional topologic delimitation of CS and the stable features has prompt
the mapping of e.g. handedness [6, 5, 60, 178, 27], the tongue area [76], location
of landmarks [53, 60] and shape changes with motor training [160, 247, 260].
Further neurological disorders has been mapped to the CS morphology in e.g.
schizophrenia [86], autism [13], ADHD [161] and Williams syndrome [133, 88].
The development of CS is also studied with respect to age [218, 60, 150], as the
brain is ever changing through the span of life. The brain volume is expanding
until age 13, and again in a slower rate from 18 to 35. In between these a de-
crease is seen, with the largest decrease after the age of 60 years [109]. Along
with the decrease in brain volume, an age-related decrease is further seen in
the gray matter (GM) and white matter (WM) [210, 174, 20], the surface area
[219, 60, 256] and the length of both the anterior and posterior banks of CS
[162]. The cortical folding increase into the first year in life [9] followed by life-
long reduction [211, 193, 237]. The decrease in folding and brain volume result
in more open and less deep sulci with age [150, 164, 162]. Contradictions were
found regarding the age-related effects in the average depths in CS. Kochunov
et al. (2005) and Rettmann et al. (2006) found a significant reduction in the
average sulcal depth with age, while no significant age effects were seen in other
studies in average depth [218, 60, 150, 256].
A biological variation in gender exists in the size of the brain, with the weight
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of males being 9.6 % greater than that of females (n=1963) [65, 249]. In females
the surface area of the left anterior wall and the average width were greater
in the left CS than the right [162, 256]. Females also showed greater left bot-
tom length and bilateral top length than males [256]. The sulci width has been
shown to be significantly wider in males than in females [162, 256, 164], this was
however not found by [150]. However, no gender effects have been found in the
depth position profiles [162, 60, 256, 150].
The study of sulci morphology in relation to demographic or genetic findings
have spawn many features as e.g. area, top length, bottom length, sulci width,
sulci depth, sulci depth profile [162, 6, 60, 130, 5, 150, 186, 244, 161]. The CS
morphology have been widely studied using the surface area [160, 162, 161, 150,
218]. The surface area have e.g. shown interhemispheric asymmetry in the sur-
face area with a greater surface contralateral to the dominant hand [146]. The
sulci depth profile is an almost matter of cause to characterize the morphology
of CS, and have shown to provide good inter subject matching [53, 60, 162].
Sulci depth has especially been used to relate asymmetry in the sulcal depth to
functional asymmetry classification [6, 63].
Local vertex positional changes has been used to demonstrate the asymmetry
in the surface of the cortex within the first two years of life. This was done by
mapping the whole brain toward a common atlas and hence obtaining a one-to-
one correspondence for each point on the cortex [159].
The large amount of between-subject variation caused by the environmental and
genetic factors reduce the sensitivity in cross-sectional studies to detect changes
in cerebral morphology. A longitudinal study of older (age 59-85 years at base-
line), spanning a 4-year interval, reported a decreases in cortical GM using a
voxel-based analysis [216]. These results were confirmed in other longitudinal
study that mapped changes associated with aging in elderly [218, 248].
Evidence from the literature show that the brain undergoes structural changes
throughout life. The CS is widely studied, also in relation to age. However
the actual change in surface area and the depth profile need to be evaluated
in a longitudinal study. In this study we investigate the growth of CS in rela-
tion to its morphology in ten repeated measurements throughout childhood and
adolescent. The CS is represented by the surface area, depth profile and three
dimensional positional variations. All CS were extracted in 3D and the area and
depth profile were found. Segmented CS were aligned with a landmark based
registration (TPS) to find the position movement in the shape. The repeated
measures were tested using mixed models, which allow the correlation within
the subjects’ observations and residuals to be modeled.
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Method and materials

Subjects

Seventy-two typically-developing children and adolescents (27 males, 45 females)
aged 8 to 17 years (mean ± SD: 12.24 ± 2.22) from the longitudinal HUBU
study (”Hjernens Udvikling hos Børn og Unge” Brain maturation in children
and adolescents) [175] participated in this study. This current study build on a
cross-sectional study we did, that used the eight assessment round. The subjects
in this longitudinal study is based on the segmentations of CS from this study.
HUBU is an ongoing project that aims at clarifying the maturation of the brain
in children in relation to environmental and genetic influences. Every sixth
month the participant’s undergone structural MRI and complete behavioral and
neuropsychological tests. The children attended three different schools in the
Copenhagen area. None of the children have had any known history of neuro-
logical or psychiatric disorders or significant brain injury. Subjects were in-
formed about the procedures both written and oral prior to participation. The
protocol of the HUBU projects was approved by the local Danish Committee
for Biomedical Research Ethics (H-KF-01-131/03) and conducted according to
the Declaration of Helsinki.
21 participants were not included in this study. The reasons for exclusion were:
Lefthanders (n=7), dental brace (n=8), diagnostic findings (n=2), image arti-
facts (n=2) and failure to segment CS (n=2). The final sample holds 454 MR
images from 51 children (18 males, 33 females) aged 11 to 17 years (mean ±
SD: 12.24 ± 2.23). Each subject was been scanned 3 to 10 times (mean 8.9).

Magnetic resonance imaging

MR images were obtained in all subjects on the same 3.0 Tesla Siemens Magne-
tom Trio Scanner (Siemens, Erlangen, Germany) using an eight- channel surface
head-coil (Invivo, Fl, USA). For the present study we only used the acquired T1-
weighted three-dimensional high resolution structural magnetization-prepared
180 degrees radio-frequency pulses and rapid gradient-echo (MPRAGE) images
of the whole brain (TR = 1550 ms, TE = 3.04 ms, Inversion Time (TI)= 800 ms,
matrix 256x256, 192 sagittal slices with no gap, 1 mm3 isotropic voxels). To in-
sure sufficient image quality a neuroradiologist visually inspected all scans blind
to behavioral data. All images were visually inspected by a neuroradiologist.
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Image preprocessing

Preprocessing pipelines were implemented in MATLAB, using mainly SPM 8
routines (www.fil.ion.ucl.ac.uk/SPM). Images were corrected for spatial distor-
tions due to scanner gradient non-linearities [136] and oriented to the MNI
coordinate system using a six-parameter rigid transformation using mutual in-
formation (i.e. no scaling). The quality of each processing step was visually
inspected by an expert.

Segmenting CS

The segmentation of CS was done in two steps. The first step segmented all sulci
from one round. The next step extracts all sulci based on correspondence from
the sulci in step 1 to the other rounds. This correspondence was found based on
a within-subject registration. Registration based segmentation is solid method,
that have been widely used to describe sulci morphology [15, 206, 170, 266].

Step 1: Segmenting sulci
The CS was segmented using BrainVisa 4.3.0 [178]. BrainVisa is an image pro-
cessing software, that hold a number of functions to extract and manipulate
sulci. In BrainVisa a sulcus is represented as a three-dimensional mesh of the
medial surface of a sulcus. A mesh consists of vertices, that represent the coor-
dinates of the sulci, and edges that associate these vertices. The pipeline to seg-
ment a sulcus, ”Morphologist 2012”, contain the following operations: Removal
of skull, spatial normalization to MNI, bias field correction, tissue segmenta-
tion, extraction of gray matter, white matter, and cerebrospinal fluid (CSF),
extraction of sulcal folds and automated labeling of sulci. One female had to
be excluded, since the CS was split in two and failed to be extracted. 81 %
of the extracted sulci had either holes or attachments of parts of surrounding
sulci and were subsequently manually corrected using standard guidelines in
MeshLab (CNR 2015).

Step 2: Registration based segmentation
To segment sulci from all rounds, an average brain for each subject was created
using DARTEL (Diffeomorphic Anatomical Registration using Exponentiated
Lie algebra) [12]. This average brain holds the within subject correspondence
from the segmented sulci to all other rounds.
Co-registrated T1 images were segmented into gray matter and white matter
and used in a probability map. To remove extra cerebral tissue from the gray
matter and white matter segmentations, brain masks were generated based on
T2 co-registered images. These tissue maps are then feed to the high dimen-
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sional warping tool DARTEL implemented in SPM8 [12]. DARTEL warp each
subjects’ image into a within-subject template. The resultant correspondences
is used to find the corresponding sulci in the other rounds. The result of this
segmentation is verified by segmenting the left and right CS from all 10 rounds
in one subject using BrainVisa.

Between subject point correspondence

To bring all extracted CS in a standard coordinate space we used Landmarker
[61]. Landmarker is a 3D software tool that enables manual annotations of land-
marks in 3D. Landmarker further holds 3D registration based on Thin Plate
Splines (TPS), which is a non-linear registration that brings surfaces of compa-
rable anatomy into spatial correspondence [28]. The basic idea behind TPS is
to model the deformation of thin metal plates that pass through a set of knots
in order to minimize the bending energy. The landmarks on the template are
perfectly overlapped with corresponding landmarks on each sulcus. All other
points on the template were transformed using TPS. The result is an overlap
that was refined using closest point deformations and establish a point to point
correspondence.
Our registration is based on one subjects left and right CS. This template was
chosen between the 5 subjects with the best resolution. We chose eight land-
marks; the medial and lateral endpoints and six landmarks on the hand knob
(Figure 10.1). Coulon et al. (2011) have showed that by matching two land-
marks on the handknob the inter-subject matching was improved [53].

Figure 10.1: Eight landmarks were used in the between subject registration of
CS. The location of the eight landmarks mapped onto CS: Medial
endpoint, T1, T2, T3, B1, B2, B3 and the dorsal endpoint.

The medial and lateral endpoints of all sulci were found as the most superior
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medial point and the most inferior dorsal point. All endpoints were visually
inspected, and manually correction was performed in 14 % of all points. Cor-
rection of endpoints were done when the extremities resembled a straight line
rather than a point. In these cases the endpoints were chosen as the middle
point on this line. Based on the endpoints the top ridge and bottom ridge of
the CS were subsampled into 100 equal spaced points.
Based on the distances from the 100 point on the top ridge and the bottom
ridge to the plane of inertia, the minimum distance marked a landmark as the
deepest part of the handknob Figure 10.1 (B1, T1). The two local maxima
distances at each side of this minimum marked the landmarks of the medial
(B2,T2) and lateral (B3,T3) border of the handknob (Figure 2). 14 % of the
landmarks needed manual correction due to the large variety in CS shape.
The plane of inertia was spanned by the two first eigenvectors of CS. A sulcus
can be represented as S = {Xi, Yi, Zi}, with i = 1, ..., N and N being the number
of vertices. The eigenvectors (P ) and eigenvalues (Λ) of the covariance matrix
Σ = (N − 1)−1

∑N
i=1(Si − S)(Si − S) can be found by ΣP = ΛP . The first two

eigenvectors, p1 and p2, associated with the maximum eigenvalues yields the
orientation of the plane. The third eigenvector, p3, is the unit normal vector.
The distance between a point on the sulcus and the plane of main direction is
calculated as: Di = p3 · (Si − S).

Sulcal area and depth profile

The area of CS was found by summing the area of all faces of the sulcus, which
is found as the cross product of the two sides in a face, divided by 2. Sulcal
depth profiles treat each depth along the CS as a continuous variable. The
depth profile is found as the geodesic distance between the 100 equidistantly
points along the CS fundus and top ridge. The depth profiles had position 1 at
the most superior lateral point near the interhemispheric fissure. This method
was inspired by the depth profile in McKay et al. (2013), they however allowed
the depths to cross as they the depths had to be orthogonal to the top ridge.
We experienced large errors especially in the ends using this approach, and
restricted the depths not to cross.

Positional movement

The positional movement is found as the median positional movement from the
first round to the last within subjects. The magnitude of this positional move-
ment is found along with its median direction (x, y and z). A drawback of this
method is the mixed ages. A second illustration deals with this problem, by
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calculated the average within subject movement in a year. As each subject is
not scanned on their birthday every year, a linear interpolation was made to
estimate the position between rounds. By doing so each subject had measure-
ment at comparable ages, and the movement from one year to the next could
be calculated.

Statistics

Statistical analyses were done using SAS 9.4. A p-value below 0.05 was consid-
ered significant.
Gaussian distribution of CS surface area, depths along the CS and mean CS
depth were evaluated with the Shapiro-Wilk test.
To model the repeated measurements of each subject we used linear mixed
model. Mixed models accounts for the correlations of observations and their
residuals (Hammond 2002). Age in years is the time scale at which the mea-
surements were repeated. A Mixed model contains both fixed effects and random
effects:

Y = Xβ + Zγ + ε (10.1)

Where Y is the dependent variable, X was the design matrix and β its corre-
sponding parameters for the fixed effects, Z is the design matrix and γ is the
associated parameters for random effects. In the random effect we modeled that
the measurements were grouped into subject [104]. We modeled the covariance
structure imposed upon the residuals, by a spatial power covariance function.
This is a continuous-time model to describe the covariance’s among the errors,
that account for the irregularly for of time intervals between measurement. In
this model the correlations decline as a function of time:

D(εij , εi′j) = σ2ρdi
′j (10.2)

D(εij , εi′j) is the covariance matrix of the errors ε between time i and time i′

for subject j, σ2 is the variances of the errors and ρdi
′i is the correlation of the

errors measured at distance, d, between the time i and the next i′.
Mixed models were used to the development of the surface area, the mean depth
and each depth along the sulci. Two subgroup, males and females, were used to
evaluate the gender effects. Testing each of the depths along the CS, the results
were to control for multiple comparisons by the false discovery rate (FDR).
All statistic tests were corrected for the total brain volume. This was done as the
total brain volume are significant correlated with the surface area (left: 0.46,
p<0.0001, right: 0.67, p<0.0001) and the mean depth (left: 0.36, p<0.0001,
right: 0.26, p<0.001). GM, WM and CSF volumes were calculated using SPM8.
The t and the p value were given for each test. Group data are given as mean
SD.
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Results

Sulcal area

The CS areas are summed in Table 10.1. We found that the left sulci area
(1400.01mm2) were significantly larger than the right CS (1373.73mm2) (t=19.45,
p<0.0001). This was also the case in both males (left: 1484mm2, right: 1449.7.6
mm2) and females (left: 1352.7 mm2, Right: 1313.6 mm2), where the left sulci
area CS was significant larger than the right (female: t=10.06, p<0.0001, males:
t=15.61, p<0.0001).

CS area Average CS depth
Left 1400.5 ± 169.05 13.71 ± 13.60
-Male 1484 ± 178.60 14.03 ± 13.60
-Female 1352.7 ± 143.00 13.53 ± 1.15

Right 1373.75 ± 159.95 12.54 ± 1.08
-Male 1313 ± 157.25 14.04 ± 1.17
-Female 1352 ± 144.80 13.26 ± 0.91

Table 10.1: The mean and standard division of the CS area and average depth,
for the left and right CS in males and females.

The growth of the left sulcal area displayed a significant negatively reduction
with age (t=-2.48, p=0.0136). The right sulci area also decreased, however this
failed to reach significance (t=-1.75, p<0.081).
A gender effect were seen for the left sulcal area (t=-2.43, p=0.019). The de-
crease in right sulcal area showed a trend in gender effects (t=-2.00, p<0.051).
No gender effects were seen for the left CS.
In the female subgroup the right CS decreased significantly (t=-2.04,p=0.042),
this was not seen in the male subgroup (t=0.04, p=0.966). In the female
subgroup the left sulcal area showed a significant decrease in time (t=-2.57,
p=0.011), that did not reach significant in the right sulci (t=-0.62, p=0.534).
We found no interaction of age and gender on the sulcal area or mean depth in
time.
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Sulci depth

An overview of the average depth in left and right sulci and in males and females
are found in table 10.1. The left sulci has a mean depth of 13.71 mm and is
significant deeper than that of the right 13.53 mm. This difference between
the left and right average is seen in both males (t=9.87, p<0.0001) and female
(t=2.21, p=0.028).
A trend is observed in the decrease of average depth of the left CS in time (t=
-1.91, p=0.057). The right average depth does not decrease significantly in time
(t=-1.02, p=0.307). Either the males or females subgroups reached significance
(male -1.64, p=0.104; female: -0.81, p=0.415).
Testing each of the 100 depths along the CS no gender effects (left: average
p=0.36; right: p average=0.56) or change in depth is seen in time (left: p
average=0.87, right: p average=0.67). The depth is significantly explained by
the total brain volume in all positions.

Positional movement

The median positional movement is largest in the sulci extremities (Figure 10.2).
The left sulci in general experience a significant bigger median positional move-
ment (0.44 mm), than the right CS (0.35) (t=19.09, p<0.001). In the left CS
the average positional movement is significantly greater in the medial proportion
(average: 0.41 mm) than the lateral (average: 0.47 mm) (t=11.36, p<0.0001).
The same is seen in the right CS, where the medial movement (0.47 mm) also
is significantly bigger than the lateral (0.41 mm) (t=-5.64, p<0.0001).
The average movement of each point on CS within a year is illustrated in

(Figure 10.3). In the right CS the movement decreased with age in the exten-
sions. In the lateral end of the right CS the movement is mainly seen in the
depths, where the medial end only involve the most medial positions. The left
CS however show an increase of positional movement in the medial extension.

Discussion

In this study we set out to describe the changes in CS morphology from age 8
to 17 in a longitudinal study, with an average of 8.9 assessment rounds. The
shape of CS was represented by the surface area, the average depth, the depth
position profile and finally the positional change within CS in time. We have
found a reduction in surface area in time in the left surface areas. No gender
effects are observed, however the female subgroup show a significantly reduced
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Figure 10.2: Median positional movement of each point on CS from each sub-
jects first scan to the last. At the top, the overall average move-
ment, below the movement in the x, y and z direction. Medial is
at the left and lateral is at the right.

area in both the right and left CS in time. The average positional movement
from the first scan to the last is primary observed in the sulci extremities, with
the left sulci subjected to a general larger average positional movement than the
right CS. In both hemispheres the medial movement is larger than the lateral.
The movement from one year to the next show that the positional movement is
not stable in time.

Surface area

We found the surface area in the left CS to bigger than the right, this result
is line with other studies [5, 178, 60]. The brain is ever changing through life
and this involve an age-related decrease in GM volume along with WM volume
[20, 100, 230, 24]. The gyrification has been shown decreasing with age in most
of the cortical regions [145, 19, 250]. The atrophy in the cortical lobes prompt
the sulci to become wider and less deep [60, 150, 218]. In our study we found
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Figure 10.3: The average movement within one year for each subject.

a significant reduction of the left area in time, the decrease in the right CS did
however only show a trend (p=0.08).

Depth

The average depth was 16.6 ± 1.3 mm for the left CS and 16.4 ± 1.2 mm for
the right CS. This results is comparable to other studies [63, 60, 161, 256]. The
left mean depth is significantly deeper than the right, which is also in line with
the previous findings [6, 60].
We found no significant decrease in the average depth in time, however a trend
is observed in left CS (p=0.057). The mean depth measure how far the sulci
extends into the cortex on average. In time as the gyrification lowers this mean
depth it is also lowered. Discrepancies are found in the relation of average depth
in age. Kochunov et al (2005) found a decrease in the average depth of CS in
healthy subjects (n=90) aged 20 to 82 years, based on structural segmentation
of CS. This was also reported by Rettmann et al. (2006) in a longitudinal study
with 35 adults aged 58 to 84 years [218]. This result was however not confirmed
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in other studies [60, 256, 162]. Cykowski et al. (2008) studied 55 healthy
subjects from the age of 21 to 89 and found a leftward asymmetry in the depth
profile, but no correlation between the mean average depth and age. A study
with a large sample (n=295) aged 19 to 94, investigated the effect of several
sulci features in ageing, but found no age-related changes in the mean depth
[162]. A recent study with 112 healthy participants aged 18 to 27, studying the
morphology in CS in relation to age and gender also found no effects of age on
the mean depth.

Gender

We found that females showed a significantly bilateral decrease in the sulcal
area, not seen in males. Another longitudinal study found a decrease in the
surface area (n=35) aged 69 to 84 years. However the gender effect was not
investigated. Li et al. (2011) found greater left surface area in the anterior
wall [162]. Gender effects are in the literature generally not consistent, since
the correction for differences between males and female brain volume, is done
either using different metrics or not done at all. Sowell et al. (2002) used
height as a covariate in establishing gender effects [249]. Rettmann et al (2006)
controlled cross-sectional results with intra cranial volume, however not in their
longitudinal analysis. We observed significant correlation between the brain
volume and both sulcal areas, the average sulci depth and the total brain volume.
A meta study based on 56 longitudinal studies of healthy individuals (n=2211)
aged 4 to 88, map the annual brain volume in time. A weighted regression
analysis was used to calculate a 1 % increase in brain volume until the age
of 13. From age 13 the volume gradually decreases until the age of 18. We
observed an average positive increase in of 0.14 % a year in total brain volume
in our sample. This is very small increase, however the total brain volume in
our study reached significance in all tests.

Average positional movement

We wanted to investigate the positional movement of each vertex. All sulci were
aligned by a TPS registration. The results show that the median positional
movement within subject is largest in the sulci extremities. This result is in
line with another study evaluating the cross-sectional movement in 295 subjects
aged 18 to 94 [162]. To obtain correspondence across subjects they produced a
surface representation based on the outlined CS boundary, which was originally
described by Thompson et al. (1996) [267]. This method did, as we did, match
the medial and lateral endpoints, and forced the boundary to match. One
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variation is that we force the ”hand knob” across subjects to be aligned, based
on a study improving the inter-subject alignment in by doing so [53].
Li et al. (2011) found the posterior walls to decrease faster than the posterior
walls. In the posterior walls the left decreased faster than the right. This
result is in agreement with our results, were we found an overall greater average
positional movement in the left CS. We found a bilateral average positional
movement that was significantly greater in the medial proportion than the
lateral.
We found that the development of the CS is not constant in time. This can
be seen on Figure 10.3, were some areas increase in positional movement and
other decrease. Reznahan et al. (2011) found that the cortical folding decrease
in adolescence, which was supported by Multu et al. (2013) that also found a
reduction in the folding from age 6 to 29. In line with other studies we also
found a decrease in surface area and depth, however our results show that the
decrease might locally both increase and decrease.

Study Limitations

The extraction of CS for the longitudinal data was based on a registration based
segmentation. This was done to handle the within subject errors introduced by
the 3D manual corrections. A registration based segmentation is a fast way to
obtain a god segmentation [14]. We used the registration method, DARTEL,
which have shown to be among the most reliable [145]. DARTEL align images
based on volumes of gray matter and white matter. It could be hy-
pothesized that a surface based registration could align sulci better. However,
the segmented sulci have been visually inspected to consolidate with a standard
segmentation. Further the segmentation is done within subjects, which improves
and the result of any registration.
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Appendix A

Extracting Central Sulcus in
BrainVisa

This chapter describe a pipeline to obtain a segmented Central Sulcus (CS). To
extract CS an existing software, BrainVISA, is used [178]. CS has shown to
have a frequency of accurate recognition of CS in > 96% [178]. BrainVISA is
developed by the french government founded research organizations in a grouped
federative research institute: IFR 49. BrianVISA is a free and open-source
software written in Python. The BrainVISA project is focused on neuroimaging
only in the context of research. BrainVISA offers a database manager and gives
automatically access to the visualization tool Anatomist.

Step 1: Download BrainVISA

Download BrainVISA from: http://www.brainvisa.info/download.html and
run "BrainVISA.bat". Version 4.3.0 is used (the newest at the date of writing).

To access all functionalities in BrainVISA the user level have to be "expert":

BrainVISA -> Preferences -> BrainVISA
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• userLevel: Choose expert in the dropdown menu

• Click ok to close the preference panel

Step 2: Create database

The next step is to create a database in BrainVISA to hold both input data and
results (Figure A.1.).

BrainVISA -> Preferences -> Databases ->Add

1. Click on the select input directory icon

2. Navigate to the location where the database should be located

3. Create a new folder that holds the name of the database

4. Click Choose

5. Click ok to add the database

6. Click ok to close the preference panel

Step 3: Import images into BrainVISA

The NiFTI images needs to imported into the created database.

Morphologist -> Import -> Import T1 MRI

1. Click Iterate

2. Input: Click on the select input directory icon

• Navigate to the location of the NiFTI images

• Click Open

• Click Ok

3. Output: Click on the output database icon (red)
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Figure A.1: To access input data and to store the results a database needs to
be created.

• Database: Choose the database created in step 2

• Data type: Raw T1 image

• File format: NIFTI-1

• Protocol: Name the protocol

• Subject: Subject names have to be entered manually (e.g. Test1
Test2 ... )

• Mark all files in the upper right window "Resultats du filtre"

• Click Ok

4. Click Ok

5. An overview is given of the import. Click Run

A status will be given for each image. A correction mark in front of a subject
insure that the image has been imported successfully (Figure A.2).
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Figure A.2: Import of NiFTI images into BrainVISA. An overview is given of
the process.

Step 4: Label sulci

The sulci in the brain is labeled in a pipeline in BrianVISA. This pipeline in-
clude 12 steps that include all steps from bias correction of the MR image to
the location of the sulci in brain to a final labeling of all sulci. The sulci are
represented by the medial surfaces of 2 opposing gyral banks [178].

Morphologist-> Morphologist 2012

1. Scroll down to the check up box Sulci Recognition (both hemispheres)
and check it of

2. A window will appear that allows one to download the SPAM model. This
step is only done once:

• Click Yes.

• Destination_database_directory: Click on the select input directory
icon

• Navigate to a location where the SPAM model should be saved

• Click Run

• Close the SPAM model installation window

3. In the window Sulci Recognition (Both hemispheres)
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• Side: Both

• Model: SPAM

• Spam_model: Global+local

4. Click Iterate

5. MRI: Click on the input database icon (green)

• Database: Choose the database created in step 2

• Data type: Raw T1 MRI

• File format: NIFTI-1

• Protocol: Choose the protocol name that was created in step 3.

• Mark all files in the upper right window "Resultats du filtre"

• Click Ok

6. MRI_corrected: Click on the output database icon (red)

• Database: Choose the database created in step 2

• Data type: T1 MRI Bias Corrected

• File format: NIFTI-1

• Protocol: Choose the name the protocol was given

• Subject: Subject names have to be entered manually (e.g. Test1
Test2 ... )

• Mark all files in the upper right window "Resultats du filtre"

• Click Ok

7. Normalised: Click ...

• Choose MNI from SPM

• Click Add the same number of times as there is images to be imported

• Click Ok

8. Click Ok

9. An overview is given of the morphologist pipeline. Click Run

A status will be given for each subject (Figure A.3). A correction mark in front
of a subject ensures that the pipeline have been processed successfully.

The output sulci will be stored in the BrainVISA sulci graphs format (.arg) and
holds both a mesh and a voxel list of the CS.
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Figure A.3: BrainVISA encompass a pipeline that contain all the steps in la-
beling the sulci in the brain.

Step 5: Extracting central sulcus

The next step is to extract just the CS.

Morphologist-> Sulci-> Recognition-> Create Sulcus Volume

1. Click Iterate

2. Graph: Click on the input database icon (green)

• Database: Choose the database created in step 2
• Datatype: Labeled cortical folds
• File format: Graph and data
• Protocol: Choose the protocol that was created in step 3
• Side: left
• Mark all files in the upper right window "Resultats du filtre"
• Click Ok

3. MRI: Click on the input database icon (green)

• Database: Choose the database created in step 2
• Data type: T1 MRI Bias Corrected
• File format: NIFTI-1 image
• Protocol: Choose the protocol name that was created in step 3
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• Mark all files in the upper right window "Resultats du filtre"

• Click Ok

4. Sulci: Click on the output database icon (red)

• Database: Choose the database created in step 2

• Data type: Sulci Volume

• File format: NIFTI-1 image

• Protocol: Choose the protocol that was created in step 3

• Graph version: 3.1

• Side: Left (or Right)

• Manually_labelled: No

• Automatically_labelled: Yes

• Best: No

• Labelled: Yes

• Mark all files in the upper right window("Resultats du filtre")

• Click Ok

5. Label_values: S.C._left or S.C._right

6. Click Ok

7. An overview is given of the import. Click Run

A status will be given for each image (Figure A.4). A correction mark in front
of a subject means that the CS have been found successfully. The extracted CS
are NifTI images.

Step 6: Visually inspection

To perform a visually inspect of the extracted sulci an option is to convert the
NifTI files into a mesh.
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Figure A.4: Extraction of the CS in BrainVISA. One of the extracted CS is
here visualized along with an overview of the process.

Convert CS into mesh

BrainVisa holds a number of commands called AIMS (Analyse d’IMage et de
Signaux -Image and signal analysis). These commands can be run outside Brain-
VISA from a batch.

All sulci are converted into a mesh (.ply) for visual inspection by the AimMeshBrain
command:

AimsMeshBrain -i L6565.nii -o L6565.ply

The AimsMeshBrain command also include morphological operations that re-
move noise.

Visualizing the mesh

In connection to BrainVISA a visualization software is developed called Anatomist.
Anatomist is downloaded along with the BrainVISA package. Several images
can be dragged to the same image enabling a detailed inspection of the extracted
sulci (Figure A.5).

1. Run "anatomist.bat".



105

2. File-> Open

3. Choose a whole brain image (.nii)

4. File-> Open

5. Choose the sulci mesh (.ply)

6. Drag the two image to a chosen view (3D, Axial, Sagittal, Coronal)

7. Hold down the middle button on the mouse to rotate the image in 3D.
The extraction of CS can now be inspected in all orientations.

Figure A.5: Visual inspection of the sulci in Anatomist.

Step 7: Correcting sulci

The extracted sulci often show parts of connected side sulci or missing parts of
the sulci.

To much sulci extracted

Superfluous sulci can be removed in bigger parts in BrainVISA and by manually
editing.
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Removing bigger parts in BrainVISA

If other sulci are extracted along with CS, the extracted sulci can be split up
into minor objects. The objects that make up the sulci can be selected and
merged.

To split the extracted sulci into one mesh for every object AimsMesh is used:

AimsMesh -i L6565.nii -o L6565.ply

Afterwards the meshes that make up central sulcus can be joined by using
AimsZCat:

AimsZCat -i L6565_1_0.ply L6565_1_3.ply -o jointed6565.ply

Manually editing

Manually editing can be used to remove additional sulci. This can be accom-
plished in a free program called MeshLab (Figure A.6).

Download MeshLab from http://meshlab.sourceforge.net/Download

1. Open a mesh File-> Import mesh

2. Click Select vertexes in the menu

3. Mark the vertexes that are not a part of the sulci

4. Click Delete the current set of selected vertices

5. Close holes (if needed): Filters -> Remeshing, Simplifications and
Reconstructing -> Close holes

6. Change Max size to be closed (the default will do fine in most cases)

7. Click apply

8. To save the mesh: File-> Export Mesh

.
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Figure A.6: Manually editing of a mesh in MeshLab. Vertices can be selected
and afterwards deleted.

Restoring missing sulci

If parts of a CS is missing other candidate sulci from the same side of the brain
can adding or another model can be used in BrainVISA.

Adding other candidate sulci

If parts of CS is missing other meshes from the same side of the brain can be
fused with an extracted sulcus. To do this the same steps must be taken as in
chapter A.

Extraction of sulci using other models

If the entire sulci is not extracted an alternative approach is to use another
model in BrainVISA. The SPAM model could for example be run with the
another method (global or Talairach) or the model could be changed to ANN.
In this way other models may fit the sulci better and an initial extracted sulci
can be extracted.
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